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HARD-TO-WELD STEELS 


ARE EASY-TO-HANDLE 


FOR MUREX TYPE HTS ELECTRODES 


A “hard-to-weld” steel is a rare item in the life of a 
Murex Type HTS Electrode. High-carbon steels, 
cold rolled steels, and even “dirty” steels containing 
various impurities, are made to order for this mem- 
ber of the Murex Electrode family. This special lime- 
coated rod has a less penetrating arc that minimizes 
pick-up of undesirable elements from the parent 
metal, prevents cracking and porosity, and deposits 
a sound, usually X-ray clean weld. 


The Murex Type HTS Electrode was originally 
developed as a hydrogen-free rod that prevented 
underbead cracking in the welding of high tensile 
plate. It is the first electrode to be successfully 
applied to the welding of free machining, sulphur- 
bearing die steels. It has replaced the use of expensive 
stainless steel electrodes on many applications... 
and is being employed on a constantly increasing 
variety of jobs. 


Have a Murex Representative put the HTS Elec 
trode through its paces in your shop. You may be 
amazed at what an excellent rod it is for your 
maintenance welding. 
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why “you ‘weld faster with. a HOBART 
There’s no need to slow up with Hobart Arc Welders nor are cooling off periods 
necessary. Hobart’s engineering specifications call for plenty of copper and exclusive two 
way ventilation assuring you of cool operation for all heavy duty welding 
and cutting operations. 


In addition to cooler operation and longer life, you get exclusive Remote Control with 
Hobart. This simple control enables the operator to make welding heat adjustments 
right at the work, no matter how far removed from the machine 


There’s a Hobart Arc Welder for every welding application and in the complete line 
of Hobart “Simplified” 


Simplified” Arc Welders, you're sure to select an arc welder to suit your 


particular requirements. Return the coupon today for complete information! 
Hobart Brothers Co., Box WJ-127, Troy, Ohio 
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N RECENT years welded construction has been used 
| in the erection of several wet seal gas holders. These, 

however, have generally been of relatively small 
capacity, the largest being a 5,000,000-cu. ft. wet seal 
holder completely welded about a year and a half ago. 
The maximum plate thickness involved in that welded 
construction was 1*/gin. At present we are welding one 
of the largest of this type structure ever built, a 10,000,- 
(00-cu. ft. multiple lift wet seal gas holder. For those 
not familiar with this class of structure, Fig. 1 shows a 
schematic diagram of the wet seal type holder. 

The 10,000,000-cu. ft. holder has five lifts, each about 
47'/y ft. high, rising when inflated about as high as a 
22-story building. The welding of large holder lifts is 
fundamentally little different from the welding of smaller 
ones. Such work has been previously described in a 


paper published in THE WELDING JOURNAL, December, 
1945.) 


The welding of the outer lower tank or water tank is 
ol particular interest because it is the largest welded 
tank in the world. This.tank is 38 ft. 2 in. high and is 
tearly a fifth of a mile in circumference being 276 ft. 6 in. 
indiameter. The lower course of this tank is slightly less 
than 1’/s in thick. The thickness is reduced with each 
course to a minimum of !/, in. for the top course. 

AW.S. Rules for Field Welding of Steel Storage 
lanks* which is the most liberal standard, limits field 
welding to 1'/, in. maximum. Other important codes 
and standards, such as A.S.M.E. Unfired Pressure Vessel 
\ode and the A.P.I. - A.S.M.E. Code limits welding to 
“/4in. thick without stress relieving, and 1'/, in. with- 
out X-raying. Experience and service records have 
shown that these regulations and rules are safe and fun- 
‘amentally sound. 

After careful consideration of all problems of field 
welding of thick plate in such large and important struc- 
‘ures, it was decided that the safest, soundest, and most 
“structive engineering basis for welding would be to 
‘pply the A.P.I.-A.S.M.E. Code. In this code, when 
ne duality steel or boiler plate is used instead of struc- 
, lor tank steel, the design joint efficiency is increased 
4 1 80 to 85%. When the welds are stress-relieved, 
“ allowable joint efficieney is increased another 5%. 
. ms the welds are X-rayed, a further increase of 5% 
theynignn In other words, when boiler plate steel is 
org Sonjunction with both stress-relieving and X- 

07 §, 4 joint efficiency of 95% can be used instead of 
~ the design of A:S.M.E. vessels. 
ine Twenty-Eighth Annual Meeting, A.W.S., Chicago, II1., 


tr Indust sneer of Stacey Bros. Gas Construction Co., one of the Dres- 
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Radiographing and Controlled Low- 
Temperature Stress Relieving of 


Welded Tanks for Wet Seal Gas Holder 


By Rudolf Kraus’ 


In the building of this tank, boiler plate steel, A.S.T.M. 
A-70, was used throughout. As it was felt there was con- 
siderable background of experience in welding up to 
1'/, in. thickness in the earlier holders, it was decided 
that in this first tank only the welds 1'/, in. thick and 


‘heavier would be X-rayed and stress relieved, using the 


Controlled Low-Temperature Stress-Relieving method. 
The tank was designed and built on this basis. The three 
lower courses where the thickness exceeds 1'/, in. were X- 
rayed and stress-relieved and a joint efficiency of 95% 
was used in the design. For the remaining courses less 
than 1'/, in. in thickness which were not stress-relieved 
or X-rayed, the joint efficiency was considered as 
only 85%. It might be mentioned that if boiler plate, 
X-raying, and stress-relieving had not been used, the 
design would have required a plate thickness for the lower 
courses of 2'/\ in. instead of 1*/« in., which was used in 
this tank. 


Investigation of Residual Welding Stresses in Thick 
Plate 
Since the maximum plate on the water tank of this 


large gas holder would be nearly 2 in. thick and since a 
considerable amount of welding would be involved in 
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Fig. 1—Diagram of a Wet Seal Gas Holder 
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Fig. 2—Two-inch Plate Experimental Tee Weldments 


joining the plates, in excess of 1'/4 in. thick, it was neces- 
sary, first, to determine the exact magnitude of the residual 
weld stresses in such thick plates and second, to determine 
the effectiveness of Low-Temperature Stress Relieving in 
reducing them. The literature has recently contained 
considerable data of investigations of residual weld 
stresses, notably the work of DeGarmo, Merriam, and 
Jonassen ** of the University of California, and investi- 
gators at the Massachusetts Institute of Technology and 
other institutions. However, practically all the published 
research had been limited to approximately 1 in. plate 
thickness, maximum 1!/, in. Moreover, the investiga- 
tions of the effectiveness of Low-Temperature Stress-Re- 
lieving, according to the publication by Greene and 
Holzbaur,* had been confined to welds in plate thicknesses 
upto 1'/,in. It was, therefore, decjded to investigate the 
residual stresses and their relief in heavier thicknesses and 
the assistance of T. W. Greene, Development Engineer, 
The Linde Air Products Co., was elicited for this work. 
To make this study several rather large 4-ft. 0-in. 
by 6-ft. 6-in. weldments of 2-in. thick plates of A.S.- 
T.M. A-70 steel were welded. See Fig. 2. These con- 
tained both a vertical and horizontal weld. All welds 
were made in position with the plates tacked and as- 
sembled in a fixed vertical plane, thus similating 
actual welding conditions and procedures in the building 
of large steel tanks. The vertical weld was made first 
and then the horizontal weld as in field construction. 
For the vertical weld the plates were double-vee beveled 
to an included angle of 45° and root spaced */, in. 
After the root bead was applied, the vertical weld was 
completed in 5 to 6 passes from each side by two welders 
working on opposite sides. For the horizontal weld 
numerous stringer beads were applied by two welders 
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working on opposite sides of the plate. All beads were 
laid continuously in the same direction from the start 
to the finish of each weld. 

Measurements of the residual stresses were made by 
the trepanned relaxation method used extensively 
such investigations.** SR-4 electric resistance 
gages were cemented to the plate and welds on both 
sides directly opposite each other at various locations 
on the welds and adjacent plating. See Fig. 2. Pairs 
of gages were mounted both longitudinal or parallel to 
the weld and transverse or at right angle to the weld at 
every location. Initial readings of all the gages were 
taken and plugs containing a set of gages top and bottom 
were carefully drilled out, the 2-in. thick plugs being 
about 31/2 in. long by 2-in. wide. The differences in 
the gage reading indicating the relaxed strain manifested 
on the surfae were used in computing the residual 
stresses by the well-known ae of elasticity for a 
two-dimensional stress system 


As-Welded Stresses in 2-In. Plate. 


The residual stresses as-welded in the 2-in. plate with 
the T intersecting joint weldment are shown in Fig. 3. 
The stresses are presented for both horizontal and ver- 
tical welds. The stresses at the intersection are given 
in Table 1. These curves show some interesting data, 
which are, however, somewhat disturbing. It will be 


seen that the longitudinal residual weld stress pattern is 


= 


Table 1—Residual Stresses at Weld Intersection 


Transverse Longitudinal 
to to 
Vertical Vertical 
Weld, Psi. Weld, Psi. 
As-welded 62,300 3000 
After Low-Temperature Stress-Relieving —6,700* 4300 


* — Sign indicates residual compression. 
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Fig. 4 Residual Stresses After Low-Temperature Stress-Relief 2-In. 
Plate Tee Weldment 


= 


practically the same as has been reported in previous 
articles. But the stresses are very high, particularly at 
the intersection and along the horizontal weld. Stresses 
up to 65,000 psi., average of both sides, were measured 
along this weld. The relaxed strain was practically 
the same for the two surfaces. This is very much higher 
than has been found by anyone in previous investigations 
on thinner material such as */,-and 1-in. thick low- 
carbon medium strength plate. What is more dis- 
turbing is that the transverse stresses are also high, being 
in excess of 40,000 psi. for the horizontal weld. All 
other investigations, particularly the work of DeGarmo, 
Merriam and Jonassen,* have shown that the transverse 
residual weld stresses are very low in unrestrained weld- 
ments of flat plates, either large or small. (Generally, 
stresses have not exceeded 10,000 psi. maximum and 
often residual compression has been found.) 
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The stresses in the vertical weld are of typical pattern 
but are lower than for the horizontal weld. This is 
difficult to explain but it should be remembered that the 
vertical weld was made first, and consequently was less 
restrained. Possibly the higher heat input of two weld- 
ers working almost opposite each, other? depositing 
relatively heavy beads, may have had an influence. 
This condition did not exist on the actual job; the roots 
of welds were cleaned prior to welding from far side. 

It is believed the high residual stresses in the longi- 
tudinal direction, and particularly the unusually high 
stresses in the transverse direction, are evidence of 
triaxial stress. There must be a stress of appreciable 
magnitude in the direction of thickness. In thin plates 
there is little restraint in the direction of thickness and 
each bead tends to heat the total thickness. In cooling, 
the contracting metal decreases the plate thickness, 
even though the effect may be small and difficult to 
measure. 


Low-Temperature Stress-Relieved 2-In. Plate 


In Low-Temperature Stress Relieving, the controlled 
heating treatment for relief of the residual weld stress is 


Fig. 6—General View of Outer or Water Tank for 10,000,000-Cu. Ft. 
Wet Seal Gas Holder 


Five lifts, crown support and crown are erected inside this tank 
so supply lines and welding machines must be located outside. 
Note window left in tank for entrance of crane and material. This 
will be the last thing welded on completion of entire holder and will 
be radiographed and Low-Temperature Stress Relieved. 


progressively applied at 350-400° F. from one side for 
plate thicknesses up to 1*/s in. In the heavier plates, 
because the lag of penetration of the heat through the 
thickness adversely affects the desired control for full 
relief, it is necessary to apply the heating treatment 
from both sides simultaneously. The treatment of 
2-in. plate is in effect the treatment of two 1-in. plates. 
After a few preliminary trials on relatively small 2-in. 
thick weldments, Low-Temperature Stress-Relieving was 
applied to the same size weldments that were used to 
investigate the ‘‘as-welded’’ stresses. See Fig. 2. All 
these weldments had been made at the start of the in- 
vestigation. All weldments were treated in a vertical 
position. In some cases the vertical weld was treated 
first, in others the horizontal weld first. This is imma- 
terial and one of the advantages of the process is that the 
sequence is not a factor. 

Low-Temperature Stress-Relieving was done by pro- 
gressively and simultaneously heating both surfaces of 
the plate with the heating applied opposite or nearly 
opposite. The heating was applied symmetrically in 
bands on both sides of the weld. Six-inch wide oxy- 
acetylene stress-relieving heads were used, spaced, as for 
thinner plates, on 10-in. centers, making the edges of 
the heating bands 2-in. from the center line of the weld. 
The speed of travel was varied purposely from 7 in. to 
8 in. per minute in treating the weldments. As is 
standard practice for thinner plate, a water spray was 
impinged 6-in. to 8-in. back of the advancing flames to 
remove the excess heat and assist the heating treatment. 
For further information about the theory and applica- 
tion of the process, reference should be made to the ar- 
ticle “Controlled Low-Temperature Stress-Relieving,” 
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Fig. 7—Interior View of Water Tank for 10,000,000-Cu. Ft. Holder 


When completed, this will be the largest welded tank in the world. Diameter of tank is 276 ft. 6 in. and the 
first course 14°/g in. thick. Six-cylinder acetylene and oxygen manifolds mounted on truck are shown for 
supplying heating gases to stress-relieving torches-on inside of tank. Similar manifolds are located outside 
as the Low-Temperature Stress Relieving is done simultaneously inside and outside in treating welds in these heavy 


plates. The window is clearly evident in this photo. 


by T. W. Greene and A. A. Holzbaur, THE WELDING 
JOURNAL Research Supplement, March 1946. 

Figures 3, 4 and 5 show the residual stresses in the hori- 
zontal and vertical welds after Low-Temperature Stress- 
Relieving the 2-in. plate weldments. For convenience 
of comparison the longitudinal stresses ‘‘as-welded”’ are 
shown in these curves. The average stress, top and 
bottom, are given, but the relaxed strain was practically 
identical on the two surfaces. These tests were repeated 
several times with modification, in order to arrive at the 
best results by successive improvements. 

It will be seen from these curves that Low-Temperature 
Stress-Relieving has reduced the high longitudinal stresses 
of 65,000 psi., in the “‘as-welded”’ state to zero valves or 
to slight residual compression. The transverse stresses 
which in these thick plates were unusually high, were 
reduced to '/; the as-welded values. It is believed that 
the stresses in the direction of thickness not measured 
in this investigation were also reduced a proportionate 
amount as would be expected from theoretical consider- 
ation. The optimum speed for treatment appears to 
be about 8-in. per minute—slower speeds simply increase 
the residual compression in the longitudinal direction. 


Stresses at Weld Intersection 


Of particular importance are the stresses at the inter- 
section of vertical and horizontal welds, as this is gen- 
erally considered a critical area. In Table 1 are given 
the stresses measured at this point in both the ‘‘as-welded’’ 
and “‘stress-relieved’’ weldments. It will be seen that the 
“‘as-welded’’ stresses transverse to the vertical weld are 
extremely high, 62,300 psi. This is, in reality, the mag- 
nitude of the stress found in the longitudinal direction 
of the horizontal weld. It should be remembered that 
at the intersection the longitudinal stress of one weld is 
the transverse stress of the other. This is particularly 
undesirable as the high residual stresses are in the same 
direction as the principal load stresses on the vertical 
weld. It will be seen from the table that the Low-Tem- 
perature Stress-Relieving has reduced this high residual 
stress to slight residual compression. 
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Field Welding 10,000,000-Cu. Ft. Holder 


The erection and welding of such a large structure as a 
10,000,000-cu. ft. holder must be carefully planned 
and coérdinated step by step. ‘‘Welding’’ represents 
only a small portion of the work involved in building a 
large gas holder. The term ‘welded fabrication” covers 
the problems better. After the floor plating is laid on 
the concrete foundation, the outer or water shell is 
erected and welded. Figure 6 shows this outer shell 
about half complete, and Figs. 7 and 8 show the interwr 
view of this largest welded tank in the world. Inside 
this tank, five separate lifts must be erected, also the 
supports for the crown, as well as the crown itself for the 
inner lift. This necessitates that the various servict 
supply lines and power lines must be outside the tank 
For the welding supply current, a 440-v. buried imme 
was laid outside the tank and batteries of welding ma 
chines were located at convenient intervals, the welding 
leads being taken up and over the tank. 

All the welders were required to pass the necessary 
qualification tests including welding overhead. ll were 
informed of the importance of the job and that the 
welds would be X-rayed. From the first, before the 
X-ray apparatus was assembled, the welds were checked 
by removing boat-shaped plugs or segments with 4 
weld prober. 


Fig. 8—Erecting Shell Plates for the Tank 
DECEMBER 
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All the vertical joints were X-rayed throughout, and 
18-in. of the horizontal seams at each intersection with 
the verticals were X-rayed where the plate exceeded 
1'/, in. in thickness. The standards adopted in making 
and judging the radiographs were those established in the 
A.S.M.E. Unfired Pressure Vessel Code and the A.P.I.- 
A.S.M.E. Code. The X-raying showed the welding to 
be exceptionally good and only a few sections were cut 
out, principally because of slag inclusions or porosity. 
No cracks were shown in any of the pictures. 


Field Low-Temperature Stress Relieving 


Low-Temperature Stress-Relieving was applied to all 
the vertical and horizontal welds where the plate thick- 
ness exceeded 1'/, inches. Some 2200 ft. of welding were 
stress-relieved. As previously explained, the joint 
design was based on efficiency of 95% for the plates 
thicker than 1!/,in. where X-raying and stress relieving 
were applied. In the plates less than 1'/, in. thick which 


the 

tside ae 

Le 

: Fig. 9—General View of 
The sequence of welding of such heavy plates is im- 
portant and a procedure was set up and strictly adhered 
to throughout. The vertical seams of each course were ae 

viens welded inside and out on the heavier plates before the Se , 

horizontal seams were made. A fairly heavy root bead 

sents was first applied from the outside. This was back- ete eb 

ing a chipped and carefully examined, and then the inside eo 
overs welding completed, followed by the welding outside. ah 
id on Each bead was examined carefully chipped when neces- . - 
ell. is sary, peened, and wire brushed. The same procedure was oy @ 

shell followed for the roundabouts or horizontal seams. ta. ae 
Field Radiographing 
nside , 
The field X-raying did not present any difficult prob- <a 
or the lem and was carried on following the welding as the Gg. 
vertical and the welding joining two adjacent 
tank courses were fully completed. A portable 200,000-v . ~ 
X-ray machine was use d, msotinted Fig. 11—Close View of Low-Temperature Stress-Relieving Treatment 
g ma which was wheeled around on the bottom of the tank. Bands 6 in. wide are progressively heated on both sides of the 
- weld. Water spray impinging 6-8 in. back of the advancing flames 
elding removes the excess heat and assists the treatment. Note vertical 
reference marks at 6 in. and | ft. intervals for coordinating the 

essary heating inside with outside which must be approximately opposite 
| were when treating welds in thick plates. 
it the 
re_ the were not X-rayed or stress-relieved, a joint efficiency of 
recked 85% was used in the design. 


vith a The Low-Temperature Stress-Relieving was done by 
progressively heating, accompanied by water-cooling 6 to 
8 inches behind the advancing oxyacetylene flames, 6-in. 
bands symmetrically located on each side of welds with 
the inner edges of the heating flames 2 in. from the 
center line of the welds.. This treatment was applied 
simultaneously and opposite, inside and out. To accom- 
plish this, Low-Temperature Stress-Relieving apparatus 
developed by The Linde Air Products Co. was mounted 
on a variable-speed tractor running on curved tracks. 
These were mounted on suitable brackets hung on clips 
attached to the tank. The accompanying pictures show 
a : the apparatus and the details of the Low-Temperature 
Fig. 10—Lo oe / d Stress-Relieving treatment. The speed of travel for the 
Ths divans “ emperature Stress-Relieving a Horizontal Weld various thicknesses established by experiments pre- 
variable-speed viously discussed were: 8-in. per min. for the vertical 
Temperature Stress-Relieving treatment is applied simul- weld of the first. course of 64 10 in. for the second 
denews,) "Side and out. Speed of travel was 8to 12in. perminute COUTSE of 1%*/s4 in.; and 12 in. per minute for the third 

Pending upon the plate thickness. course of 1'7/,,in. For the horizontal seams, the speeds 
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were 10 in. per minute for the first roundabout, and 
12 in. for the second, favoring the thinner plate. 


Theoretical Stress-Relieved Seam Footage and Torch Hours 


Seam 

Foot- 

age, Rate, 
Ft. Ft./Hr. 
850 50 
850 60 
500 50 


Torch 
Hours 
[st girth seam (149/g4 in.) 
2nd girth seam (199/94 in.—1!7/¢4 in.) 
84 vertical seams (5 ft. 10 in. long) 
2200 160 


Estimated Direct Labor for Stress Relieving 


Total 


No. 
Over-all Time of 
Days Hours Men 


Man- 
Hours 
Two girth seams of 850 ft. 

each 7 5 280 
84 vertical seams 3.5 2 112 
Foreman for 10.5 days 84 


Total 2200 10.5 476 


Over-all efficiency of theoretical torch hours 


Oxygen and Acetylene Gas Consumption 


Oxygen—24,700 cu. ft. = 600 cu. ft./hr. for 41.2 hrs. = 
ft./ft. of seam 

Acetylene—24,700 cu. ft. = 600 cu. ft./hr. for 41.2 hrs. = 11.2 cu. 
ft./ft. of seam 


11.2 cu. 


Although some trouble was anticipated in codrdi- 
nating the inside and outside heating, the entire job was 
done without difficulty. Reference marks were laid 
out at '/,-ft. and 1-ft. intervals, along all seams both 
inside and outside the tank. One machine established 
the correct speed and the other machine on the other 
side was coérdinated with this by means of established 
signals hammered on the tank. 


. 12—Chec the Temperature of the Heat Bands in Low- 
Stress-Relieving 


The temperatures of the heat bands are checked with tempera- 
ture-indicating crayons. The flames are temporarily screened off 
with a small steel plate. Temperature of 350-400° F. is used in 
Low-Temperature Stress-Relieving although slightly higher tempera- 
ture is permitted when heating simultaneously inside and outside. 
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Fig. 13—Close-Up View of Horizontal Weld After Stress-Relieving 


The 6-in. wide bands resulting from descaling of the surface by 
the advancing flames indicate the horizontal weld has been stres: 
relieved. The vertical weld had not been stress relieved when 
photograph was taken. This was done later as the sequence o! 
treating is immaterial. Low-temperature Stress-Relieving can be 
done before or after X-raying as any repair can be quickly treated 
locally. 


Fig. 14—Rig for Elevating X-ray Tube for Field X-raying 


All vertical seams were X-rayed and horizontal seams spo! — 
in welds over 1'/, in. thick. Where X-raying and stress re — 
was done a joint efficiency of 95% was used indesign. 
nesses less than 1!/; in., which were not X-rayed or stress rev!e""™ 
were designed on a basis of 85% joint efficiency. 
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The stress-relieving was sometimes done before and 
sometimes after X-raying. Where the welds were found 
defective by X-raying, they were simply locally re-stress- 
relieved after repair. This is one of the advantages of 
the Low-Temperature Stress-Relieving process. 

The accompanying tables give an estimate of man- 
hours and gases required for stress-relieving of this tank. 
The gases, both oxygen and acetylene, were supplied 
from six-cylinder manifolds mounted on suitable carts, 
one inside and one outside the tank. ‘ The accompany- 
ing photographs show these manifolds. 


Summary 


In the construction of the water tank of this first all- 
welded 10,000,000-cu. ft. wet-seal gas holder, all welds 
in plate thickness in excess of 1'/, in. were both field 
radiographed and Low-Temperature Stress-Relieved. 
Practically all codes limit the thickness that may be 
welded without X-raying or stress relieving to 1'/,in. In 
the building of this holder, the A.P.I.-A.S.M.E. codes were 
used as basis of design in which a higher joint efficiency 
is allowed for use of high quality steel, X-raying, and 
stress-relieving. A joint efficiency of 95% was used for 
welds 1'/, in. and thicker, which were X-rayed and 
stress-relieved. As boiler plate steel was used through- 
out, 85% joint efficiency was used for welds less than 


11/, in. thick which were not X-rayed or stress-relieved 
in this tank. 

Investigation of the residual welding stresses in heavy 
plates 2 in. thick showed the residual stresses to be 
much higher than has been measured in relative thinner 
plates of l-in. thickness. Stresses as high as 65,000 psi. 
were measured. These were reduced to nearly zero 
values and to safe limits in all directions by Low-Tempera- 
ture Stress-Relieving. It is believed that the soundest 
engineering approach to the field welding of such large im- 
portant structures is to institute the use of the highest 
quality of materials and of construction including X- 
raying and stress-relieving which deservedly should be 
compensated for by the saving in steel. 
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Abstract 


Hardenable steels have presented many problems to the welding 
and design engineers in the fabrication of welded assemblies of all 
types. Since these steels are frequently subject to cracking and 
may develop excessively high hardness when welded under normal 
onditions, special welding techniques are required to join these 
materials. This paper is a discussion of some of the methods used 
in the welding of hardenable steels as performed by the submerged 
melt welding process. Particular emphasis is placed on the control 
of cooling rates of welded assemblies as affected by preheat tem- 
peratures and welding conditions. It is pointed out that iso- 
thermal transformation curve data can be used to determine 
proper preheat and postheat temperatures to facilitate the welding 
of hardenable steels. Penetration and dilution factors are con- 
trolled by welding speeds and currents which can be varied over a 


wide range with this automatic welding process. Specific ex- 
amples are given. 


Submerged Melt Welding of Low-Alloy Hardenable 
Steels 


ARTIME application of welding on a mass 
production scale provided a tremendous boom 
B to the welding industry in this country. 
ased on sky-rocketed sales records of welding electrodes 
- welding equipment, it is estimated that applications 
“creased some five- to six-fold over prewar uses of 


week of cTwenty-Righth Annual Meeting, A.W.S., Chicago, 
wy Vaion Carbide and Carbon Research Laboratories, Inc., Niagara Falls, 


Submerged Melt Welding of 
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welding. -One of the most important changes was the 
introduction of weld fabrication of complete large sub- 
assemblies which were of intricate design or structure, 
and it was found that with the application of welded 
construction, greatly increased production rates and 
high dependability were-obtained. 

With this rapid rise in the uses of welding during 
recent years has come a tremendous demand for ap- 
plications in the low-alloy and high-carbon steel fields. 
Production of warships, armored vehicles, all types of 
gun mounts—in fact, the vast requirements of the metal 
fabrication industries during the war presented all types 
and kinds of problems to the welding engineer. The 
saving in weight of structures that can be effected by the 
use of hardenable high-strength steels has greatly in- 
creased their peacetime commercial application, and high- 
carbon steels have been employed in metal parts which 
are subject to more severe service. 

One particular process—the unionmelt submerged melt 
welding process—has received considerable attention and 
use during recent years because of its wide versatility and 
adaptability to a broad range of welding conditions. 
For example, with equipment in general use, it is possible 
to join steel plate up to 1'/2 in. in thickness by a single- 
pass weld. In addition, by the application of a single- 
pass weld on each side of a steel plate, using such equip- 
ment, assemblies as thick as 2'/, in. can be joined. 
Even heavier sections have been welded in a single pass 
and sections up to 8 and 10 in. in thickness can quite 
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Fig. 1—Submerged Melt Welding Process Fundamentals 


easily be welded by proper multi-pass technique in one- Certain features of the submerged melt method of 
third to one-half the time required by any other welding welding make it particularly adaptable to the welding of 
method. Table 1 illustrates the typical range of welding hardenable steels. The welding zone in this process is 
conditions which can be employed by the submerged enclosed by a deep insulating blanket of Unionmelt 
melt process. composition which is applied automatically along the 
seam to be welded and in the immediate zone of the 
welding rod, as shown in Fig. 1. Heat from the welding 


Table 1 operation fuses some of this granular material and thus 
Plate Bevel Bevel Rod 
Thickness Angle Depth Diam. Speed 
In. Deg. In. In. Amp. Volts Ipm. 
0.0747 
4 gage) 1/8 450 21 150 
‘ he 5/16 800 30 30 
3/4 45 9/16 1200 38 13 
1'/, 30 13/8 3/8 2000 41 7 
1: (lst side) 90 5/16 1/, 1000 34 15 
(2nd side) 90 3/8 1/4 1300 36 ll 
2'/2:(1st side) 70 7/8 */16 1650 36 5 
(2nd side) 80 1 2000s: 40 5 


it t 
Welding currents may be as low as 100 amp. or may — “ak 


exceed 2000 amp. The wide range of welding currents A+B 
and speeds is evidence of the great flexibility of the ; , te Show- 
process, and this feature has led to widespread applica- ig. Single Revel Butt Weld Thick Stoel Piste 


: ; . ‘ ing Weld Area and Original Vee Preparation. Note Ratio of 
tion of Unionmelt welding to mass production fields. are Deposited Rod Metal to Fused Base Plate 


= 


X< 100 = Per cent Dilution 


Table 2—Chemical Composition and Physical Properties of Unionmelt Welds Made in Low-Alloy Steel 


Union- Yield Ultimate Jo Re- 
% % % % % % % melt Point, Strength, % - duct one 
Cc n Si Cu Cr Ni Rod _ Grade State Psi. Psi. Elongation of Area 
Plate1 0.09 0.80 0.36 0.60 0.62 


0.29 Nil A.R.* 57,810 78,600 25.0 (8 in.) 
0.46 0.22 0.17 Oxweld 20 A. W. 59,700 89,100 26.6 (11/2 in.) 4.4 


No. 40 63,400 85,100 26.6 (1/2 in.) ve 


0. 
Weld1 0.12 0.74 0.38 0. 


Plate2 0.10 0.73 


0. 0 Nil 51,420 73,590 26.0 (8 in.) 
Weld2 0.13 1.25 0.39 0.45 


S.R 
-67 0.29 A. R. 
-47 0.20 0.19 Oxweld 80 A. W. 67,000 91,850 24.0 (1'/s in.) 49.4 
No. 40 Ss. R 63,400 83,650 25.4 (11/2 in.) 8 
* A. R., Plate as-received; A. W., As-welded; S. R., Stress relieved at 650° C., 1 hr., and air-cooled. 
Plate properties reported from mill. Weld properties obtained from all-weld-metal tensile specimens. 
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creates a liquid pool over the welding puddle which is in 
intimate contact with the molten weld metal.. This 
Unionmelt material completely excludes the atmosphere 
from the weld zone, and because of its unique composi- 
tion, deoxidizes and cleanses the weld metal. The 
Unionmelt material also exerts control over the man- 
ganese and silicon contents of the weld metal. 

One more important feature should be borne in mind 
concerning the Unionmelt welding process. Because 
there is a heavy insulating blanket of Unionmelt com- 
position surrounding the welding zone, no metal spatter 
occurs. 

Because large quantities of base metal are fused 
and’ a high degree of penetration is obtained in the 
submerged melt welding process, the deposited rod 
metal is highly diluted by fused base plate or parent 
metal. The weld puddle consists of melted base plate 
alloyed with fused welding rod and the ratio of the base 
plate metal to the total weld metal is an expression of 
rod metal dilution. This is illustrated in Fig. 2 in which 
the fused base plate is designated “‘A’’ and the deposited 
rod metal designated ““B”’. From this, per cent dilution 
is (A)/(A + B) X 100. Under normal operating con- 
ditions for the submerged melt process, this factor ranges 
from 65 to 75%; that is, the weld metal may be com- 
posed of two-thirds to three-fourths melted base plate. 
However, it is possible to restrict dilution to as low as 
20° with the use of special welding techniques. This 
has been used to particular advantage in hard-surfacing 
or build-up applications where the compositions of the 
depositec metal and base metal are dissimilar, as, for 
instance, in stainless cladding. 

The high percentage of base plate metal incorporated 
in the weld metal is of particular advantage in welding 
alloy steels of all types. If an alloy steel is welded with 
a plain carbon steel rod, in most instances sufficient alloy 
is carried into the weld by the base plate fusion to impart 
to the’ weld physical properties very nearly equal to 

those of the plate. By choice of Unionmelt composition 
further control of weld composition can be accomplished 
and usually the resulting weld properties will equal or 
exceed those of the plate. In the occasional case where 
this does not hold true, one of the standard low-alloy 
rods available for use with the process may be employed, 
the alloy from the rod then being sufficient to compen- 
sate for such deficiency in weld metal physical properties 
or response to heat-treatment that might otherwise 
occur. This feature of the process means that two or 
three welding rods may be successfully used to weld 
compositions of steels ranging from ordinary plain 
carbon steels to alloy steels of diverse types. , 

This technique is illustrated in Table 2. Data for two 
welds are given, both welds being made with a carbon- 
molybdenum rod. Two grades of Unionmelt have been 
employed and the differences in composition thus pro- 
duced are apparent in the table. It will be noted that 
the weld alloy content is approximately 70% of the plate 
lloy content. Molybdenum is present in the weld, 
laving been derived from the rod. 

The tensile properties of the welds exceeded those of 

the plates, even after stress-relieving treatment. Ex- 
cellent ductility was exhibited in all tests. 

As mentioned previously, it is possible to employ ex- 

‘remely high currents when welding with the submerged 

uelt process. With such high currents, the heat input 

into a given section of base plate may be extremely high. 
re — reason a relatively large weld puddle is pro- 

- ed with a great concentration of heat. For example, 

submerged melt weld produced in '/>-in. thick plate 

Oh: have a molten weld puddle 4 to 5 in. in length. 
eae’ with this concentration of heat in the weld a 

Slower cooling rate is obtained. In addition, the 
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adjacent heat-affected zones are cooled through their 
critical temperature ranges at a much slower rate. 
Metallurgically speaking, this means a less drastic 
quenching rate and consequently a lower hardness in 
both the final weld and heat-affected zones of the parent 
plate metal. Experimental data have been presented 
by other authors', which show that the cooling rate 
adjacent to the weld is a function of the cross-sectional 
area of the fusion zone. Alteration of the weld size 
will result in considerable variation in the cooling rate 
of the heat-affected zone and therefore in the maximum 
hardness developed in this zone. Weld areais, of course, 
a function of heat input per unit of length; that is, the 
relative values of welding current and welding speed. 
Because large welds may be made in a single pass by 
the submerged melt process, cooling stresses are applied 
fairly uniformly through the thickness of the base plate 
and the tendency toward cracking is reduced. When 
unusually slow cooling rates are required, such as may 
be needed when welding air-hardening steels, an increase 
in weld size is thus indicated. Large welds and as- 
sociated slow cooling rates may be produced by two or 
three techniques. At the present time the most satis- 
factory method is through a reduction of welding speeds 
below those normally employed for plain carbon steels 
with a less than proportionate decrease in welding 
current, thus incgeasing the heat input per unit of weld 
length. 

Certain types of high-carbon, low-alloy steels have 
presented some very unusual and difficult problems to 
the welding engineer. Frequently, these steels are sensi- 
tive to cracking and may develop excessively high hard- 
ness, even when Unionmelt-welded under welding con- 
ditions which are standard for plain carbon and ordinary 
low-alloy steels. In order to overcome these difficulties, 
it has frequently been advantageous to alter the normal 
welding technique by the application of varying degrees 
of preheat and, if necessary, postheat. Much special- 
ized metallurgical information’* is available to assist in 
this work. For instance considerable research has been 
done in the correlation of data obtainable from isothermal 
transformation or S-curves of alloy steels with the ap- 
proximate degree of preheat required to weld the material 
satisfactorily; that is, to avoid the formation of brittle 
martensite either in the weld metal or base plate. It is 
not possible to superimpose the actual cooling curve of a . 
specimen directly on the isothermal transformation curve 
for that steel since one curve represents a metallurgical 
change taking place at a constant temperature, whereas 
the other curve represents a change that is taking place 
at a constantly decreasing temperature. Experience 


has shown that it is possible to reinterpret the S-curve 
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by shifting the ‘‘nose’’ of the curve downward (lower 
temperature) and to the right (longer time period). The 
amount this point is moved’ depends largely upon the 
cooling rate of the welded specimen. Obviously, the 
more slowly a steel cools the more nearly the metallur- 
gical changes approach those represented by the iso- 
thermal conditions of an S-curve diagram. Therefore, 
if relatively slow cooling rates can be obtained in a 


welded structure, only a relatively small shift in the 


position of the S-curve is necessary in order to approxi- 
mate the temperature-time relationship for metallurgical 
changes, and the application of this procedure becomes 
more reliable. Slower cooling rates are obtainable with 
submerged melt welding than with other electric welding 
methods. Therefore, it is possible to approximate quite 
closely the degree of preheat and the length of time re- 
quired at this given temperature to permit the desired 
metallurgical transformation to take place. 

The S-curves for some hardenable steels indicate that 
exceptionally long cooling periods would be required to 
avoid the formation of hard and brittle constituents in 
the weld metal and base plate. For instance, an air- 
hardening steel alloy of typical composition used for 
steel mill roll surfaces was employed for welding experi- 
ments. The composition of the alloy approached that of 
S.A.E. 6150 chromium-vanadium steel. Examination 
of the S-curve for this steel, which is shown in Fig. 3, 
shows the start of isothermal transformation at 900° F. 
after approximately 3 sec., with the end of transfor- 
mation after about 30 min. At 700° F. complete 
transformation has taken placein7 min. Again it should 
be recalled that these changes will lag slightly when 
specimens are being cooled rather than being held at 
constant temperature. For that reason a preheat of 
700° F. was chosen and this temperature was main- 
tained during welding and for approximately 15 min. 


following welding to permit the desired metallurgical 


changes to take place. No difficulties were encountered 
during the welding of this assembly. The assembly was 
heat-treated after welding; therefore, na@ hardness 
data could be obtained in the as-welded condition. The 
fact that this extremely hardenable steel was welded 
without cracking, however, showed that the preheat 
temperature based upon transformation data was correct. 

It should be borne in mind that wide alterations in 
the cooling rate of a specimen can be accomplished by 
changing the welding technique employed, and the need 
for preheat or postheat may be avoided in some instances. 
Changes in welding speed or power input will materially 
alter the total amount of energy applied per unit length 
of weld and will greatly affect the cooling rate of the 
assembly. As an example, a steel assembly containing 
0.50% carbon, 1.75% manganese, and 0.30% silicon 
was welded by the submerged melt process. In first 
attempts at welding this material without preheat, 


using 700 amp., 26 v. and welding at 15 ipm., a Rockwell 
C hardness of 55 was developed in the heat-affected 
zones of the base plate, and this was considered too high 
for practical use as the assembly was to be used without 
further heat-treatment or stress relief. However, by 
lowering the welding speed to 4 ipm. and decreasing the 
welding current to a less than proportionate extent (to 
525 amp.) thus increasing the weld cross-sectional area 
and the heat input per unit of length, it was possible to 
lower the hardness in this zone to an acceptable value 
(Rockwell C 44). In this case it was possible to com- 
pletely eliminate the normal preheating and postheating 
cycles for this particular alloy by proper choice of welding 
conditions. 

The essential problem in welding hardenable steels is 
to control cooling rates so that undesirable metallurgical 
changes will not take place in either the heat-affected 
zone of the base plate or in the weld metal. The wide 
operating ranges of the submerged melt process, together 
with its high level of operating efficiency, provides a 
very flexible means of controlling cooling rates. The 
process also provides close control of weld metal com- 
position so that heat-treating response and physical 
properties of the weld metal compare favorably with 
those of the base plate. These features of the process 
make it particularly adaptable to the welding of harden- 
able steels. This method of welding has been success- 
fully applied to many alloy steels such as the chrome- 
nickel, chrome-molybdenum, nickel, molybdenum and 
chrome-vanadium steels, such as are represented by the 
5.A.E. 2000 to 6000 series. It has also been applied 
to welding high-carbon abrasion-resistant steels and 
even to steels having air-hardening properties. Of 
course, there are no difficulties in applying the process to 
the welding of Cor-Ten, Man-Ten, N-A-X, Yoloy, RDS, 
Mayari R, and similar low-carbon, low-alloy steels 
which are known to be readily weldable. In fact, this is 
only a partial list of the many low-alloy and high-carbon 
steels that have been successfully welded by the process. 
In welding steels of the more hardenable types, proper 
correlation of isothermal transformation curves with 
cooling rates to determine preheat and postheat tem- 
peratures, greatly facilitates the successful welding ot 
these steels by the submerged melt process. 
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Introduction 


describe the process of manufacturing refrigerator 

cabinets. From the steel storage, the sheet steel 
is issued to the shears. From here it goes to the various 
presses for forming. Then these parts are welded to- 
gether after which they are painted and baked, or porce- 
lained, as the case may be. On the final assembly line, 
the cabinet is completed and crated. This parallels 
the automobile body methods, only our product is 
smaller. 


Bi talking about welding, let me briefly 


General 


Products Manufactured 


At St. Paul, Minn., the Seeger Refrigerator Co. pro- 
duces refrigerator cabinets for household, commercial 
and low temperature uses. There are reach-in cabinets 
and display cases in the commercial line. : 


Types of Welding 


Electric resistance welding predominates in our plant 
because it is the most economical method for fabricating 
sheet steel. Gas welding, brazing and are welding are 
also employed. 


\faterials 


Twenty-gage cold-rolled (0.0359-in.) low-carbon steel 
v.10 C) makes up the most of the steel used. A 
lew small parts are 16 or 18 gage and the compressor 
supports are 11-gage hot-rolled and pickled low-carbon 
steel. The liners or food compartments are made of 20- 
gage porcelain enameling iron. 


Welding Refrigerator Cabinets 


Vur “metal assembly’? (or welding department), 
where the formed parts are welded together and metal 
inished, can be divided into six different lines; four 
aré for the exterior parts of each of the four products 
and two are for seam welding liners or food compart- 
nents (one for the household liners and one for the low 
temperature liners). 


Household Exterior Shell Line 


The main shell is delivered to this department on an 


°vethead conveyor from the pressroom. Other parts 
ae trucked in. 


* Presented at th . 
week of Oct 19, Annual Meeting, A.W.S., Chicago, IIL, 


ser Refrigerator Co., St. Paul, Minn. 
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Welding in Assembly Line Production 
of Refrigerator Cabinets 


By P. Bowmant 


1. The first operation is to spot weld in the back. 
Figure 1 shows this. The spots up each side are made 
in series by the two tips on the traveling head. A 75- 
kva. welding transformer is mounted above them. A 
single gun welds the seam across the top of the back. 
This is connected to a 50-kva, portable welding trans- 
former hanging overhead. The inside dies are retracted 
by an air cylinder to remove the shell. When in the 
expanded position, the dies gage the shell for width 
and hold it square since it must match exactly the con- 
tour of the door which will hang on it in the final as- 
sembly. It also means that the door opening must be 
square or other parts will not fit in the final assembly. 

2. With the shell upside down in a cradle, the four 
bottom corners are gas welded without using a filler 
rod. The oxygen and the acetylene pressures are 5 Ib. 
and a #2 tip is used. Oxygen and acetylene pipe 
lines cover the plant with outlets wherever needed. 
Pressure regulating stations and automatic lighters are 
provided. We generate our own acetylene and buy the 
oxygen which is delivered in trailers. The acetylene 
pipe line is isolated from the generators by a water seal 
in the generator room. In the metal assembly at the 
end of the 250-ft. main line from the generators, an 
additional water seal is installed. Numerous branch 
lines from the secondary distribution system extend 
outside and have blowout disks on the ends to protect 
against damage in case of a flash back. Oxygen is dis- 
tributed at 30 psi. and the acetylene is at 12 Ib. 

3. For the remaining operations, the shell travels on 
its back on a roller conveyor. In Fig. 2 you can see 
installed on the conveyor a special air-operated fixture 
which clamps the face of the shell up against a flat frame 


i 


Fig. 1—Back Machine for Welding the Back to the Shell 


| 
: 
& 
RES 
yf t ; 
‘ 
MBE! 


Fig. 2—Squaring Fixture Which Holds the Shell While the 
Bottom Deck and Cross Rail Assembly Are Spot Welded in 


while the bottom deck and front cross rail assentbly is 
spot welded in. This assures a flat surface for the door 
to seal against. Without the proper jigs or fixtures, 
mass production of welded sheet metal assemblies such 
as this are doomed to failure since the assemblies must 
be within print tolerances and must be consistent. For 
economical reasons, the fixtures must also be fast to 
load and unload. 

Note the flat swivel tip used on the far gun to eliminate 
spot weld marks on the outside surface. 

All our portable welders are standard air-operated 
50-kva. machines operating on 440 v. The control 
circuits are 24 v. The transformers hang overhead on a 
monorail system which makes it easy to shift them to 
run different models.. We use two 6-ft., 275,000-cir- 
cular mil, water-cooled cables to conduct the welding 
current to the air-operated gun. Two single cables are 
preferred because the operator can handle the guns a 
little better (faster). They seem to be more flexible 
than the kickless type. Also the maintenance depart- 
ment can make and repair the single ones, while they 
cannot the kickless type. These guns make about 120 
welds per minute. The usual time cycle is 10 cycles 
squeeze, 5 cycles weld, 5 cycles hold and 10 cycles off time 
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—automatic repeat. The off time is adjusted by each 
operator so that he can hold the control button on and 
move the gun between spots during the off time. Highest 
operating speed is thus obtained. 

The tip pressures are about 300 Ib. and the current js 
usually around 9000 amps. at 12 v. 

During the last two years we have changed all of our 
mechanical contactors to ignitron contactors with size 
B tubes. This has almost eliminated down time due to 
contactor trouble and also it has greatly reduced the 
maintenance. 

The weld sequence timers are N.E.M.A. type 3B. 

We use the usual R.W.M.A. Group A, Class IT weld. 
ing electrodes and dies in these operations. 

4. The upper and side liner spacers are welded to 
the shell using a simple locating fixture and more por. 
table welders. 

5. Next the skids are spotted on. 

6. Then the base frame and compressor assembly is 
spot welded in, (Fig. 3). This is a 12-gage (0.1046-in. 
part which has been previously arc welded in fixtures. 


Fig. 4—Gas Welding Bottom Corners of Front Cross Rail 


One helper loads and unloads for two arc welders using 
four fixtures. The rod used is a 5/3-in. A.W.S.-A.S.T.M 
E6013 with an a.-c. arc welder at 225 amp. 

7. No fixture is required for spot welding in the bot- 
tgm deck braces, the next operation, since the parts are 
self locating. 

8. The two bottom corners of front cross rail are 
gas welded to the shell for additional stength (Fig. 4). 
The filler rod is a */,-in. wide strip of 20-gage metal 
sheared from enameling iron. 

9. Hinge holes are the next operation. These are 
drilled with a jig since the location is very importatlt. 
The holes are then counter sunk with an air squeezer. 

10. The next operation is to spot weld in the hinge 
stile brace. Notice in Fig. 5 that the locating jig has 4 
copper bar running along the whole length. This serves 
as a flat electrode on the outside of the shell to eliminate 
weld marks. Regular tips are used in the welding su” 
but one tip comes down on the copper bar outside while 
the other one comes up against the steel brace be 
welded inside. This is a cheap way to eliminate weld 
marks on the outside and we use it whenever we can. 
Otherwise, we use a flat swivel tip about 3 in. in diam 
eter. 

11. Metal finishing with a belt sander and by % 
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pach over from an old model which had the top and the bottom 
and decks projection welded to the shell. Now it is used to 
hest weld the front and the back into a drawer shell. 
| At first we tried to projection weld them but were not 
nt able to get equal pressure and good current distribution. 
; So then we made a multiple tip fixture with each tip on a 
ye hydraulic piston and all cylinders connected together to 
size equalize the pressure. The machine groans a little to 
ct weld 17 spots simultaneously but has been producing 
the drawers for over a year. The original cost to spot 
weld the drawers on a rocker arm was $4.60 per 100 
drawers. The present cost is $1.00 per 100 drawers on 
rei this multiple tip fixture. The fixture cost $890 to make 
and was paid for out of the savings in three months. 
d to This is not the method one would use if tooling-up from 
por- scratch, but we believe good use has been made of an 
otherwise idle machine. 
is 
)-in, 
urés, 


Fig. 5—Welding Hinge Brace to Shell 


men using air-powered disks (50 grit) and set up wheels 
removes all marks. 

12. A plane gage is used to check the door sealing 
surface of the shell to be sure they are flat. 

13. After the rear stile braces are spotted in place and 
two holes drilled for mounting the flue, the completed 
shells are inspected and hung on the paint chain. . 


Change-overs 


The model discussed aboye is one of five different 
models run on this line." A run usually lasts about 
\'/; wk. and then everything is changed over to run 
the next model. All changes are designed to be made 
in the quickest possible time. About 2 hr. are required. 


Small Parts 


An interesting welding operation is done on the welder 
shown in Fig. 6. This is a 500-kva. press welder left 


using 
3.T.M 
e bot- 
‘ts are 
ul are 
metal 
" Fig. 8—Triple Head Duplex Seam Welder in Operation 
se are 
yrtant. Liners 
tT. Let us look at the second most important welding proc- 
hinge ess in our plant, mash welding of the liners. This 
has liner is the porcelain interior food compartment in which 
serves the evaporator and the shelves are placed. It is made 
ninate of three pieces—a body, a top and a bottom. 
ig gua The high production domestic liner (up to 100 per 
= hour) and the freezer liners (up to 35-per hour) are 
to id fabricated by mash welding on special built seam welders. 
ew Figure 7 shows this fixture ready for loading. The inside 
re Can. dies, the cooling water lines and the clamps can be seen. 
} diam- Mash welding is a variation of seam welding where the 
us oe two pieces of metal are overlapped only 2 to 3 times 
y si 


ig. 6—Machine and Special Fixture for Welding Drawers metal thickness and enough heat and pressure used to 
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4 
Fig. 7—Triple Head Duplex Seam Welder, Fixture Out 


Fig. 9-Gas Welding Commercial Liners 


forge them together to form a smooth joint about 20% 
thicker than the single metal thickness'. 

We are using an overlap of */1, in. When a 2- or 3- 
times metal thickness overlap is used it is difficult to 
position the parts and hold them while welding. The 
seam welder is set the same as for a small overlap byt the 
outside part is wider and many extend past the wheel. 
Thus the outside of the weld seam is not mashed smooth 
but since we are only concerned with the inside appear- 
ance, this is satisfactory. This larger overlap was 
adopted about six months ago and has speeded up fixture 
loading time and has cut down on defective seams. 

Our welders use 1100-Ib. wheel psressure.. Welding 
speed is in the neighborhood of 20 ft. per minute. The 
current is 20,000 amp. at 20 v. according to the manu- 
facturer’s tests. The primary current at 440 v. is not 
interrupted and ignitron contactors with size D tubes, 
are used. 

Figure 8 shows the domestic liner welder in operation. 
The top carriage is about half way across, while the side 
carriages have just started welding on the down stroke. 
A welding cycle on the machine consists of: (1) carriage 
travel in, 5 sec.; (2) welding time, 9 sec.; and (3) car- 
riage travel out, 5 sec.—a total machine time of 19 sec. 

We have found that R.W.M.A. Group A, Class III 
alloys give about five times the life of Class II alloys. 
For example, only 1200 liners can be produced using 
Class II alloys for the wheels and dies before they must 
be taken off and dressed; while 6000 liners can be made 
with Class III alloy wheels and dies. Although Class 
II alloy costs about $1.49 per pound and Class III about 
$3.20 per pound, considering the material cost, the life, 
the labor to change wheels and the machining costs, 
Class II alloy wheels cost 72 cents per 100 liners, and 
Class III alloy wheels are only 28 cents per 100 liners. 
Thus, the more expensive material is cheaper to use. 

At one time a small army of men gas welded these 
liners, as we still do on our low production (8 per hour) 
commercial cabinets (Fig. 9). Here the parts are 
clamped on a water-cooled block and the parts joined 


Fig. 10—Portable Welders on Domestic Liner Line 


by acetylene welding using a */ -in. wide, 20-gage 
filler strip of the same material. 

The following is a comparison of the speeds of the two 
methods. 

Two men mash weld 90 domestic liners per hour: 


104 in. per liner X 90 per hr. 
12 


= 780 ft./hr. of 


welded seam 


Two men gas weld five commercial liners per hour: 


190 in. per liner X 5 per hr. 
12 


The mash welding is ten times faster and also produces a 
weld that is easier to procelain over. 

To complete the liner, the corner mounting brackets 
and the hanging strap for the porcelain shop are spot 
welded on, using portable spot welders, as shown in Fig 
10. 

After metal finishing, the inspected liners are conveyed 
to the porcelain shop. 


= 79 ft./hr. of welded seam 


Conclusion 


This description of welding refrigerator cabinets has 
been designed to show how welding has helped make 
possible the low cost, mass production of refrigerator 
cabinets. 


1. “Resistance Welding Manual,” rev. ed., p. 69, Resistance Welder Manu- 
facturers’ Assoc., Philadelphia, Pa. 
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vantages of welded design for cutting cost and 
improving the quality of products. Some have 
been disappointed in the results of their first attempts 
at welded design. But after a little experience, they 
learn how to produce products incorporating weldments 
with great success. 

Good weldments are basically simple. In designing 
or redesigning any machine component, a designer 
should not be inhibited by the old design. When re- 
designing a part for welding from a casting, first outline 
the function of the part; from there on do not refer 
to the casting at all. Have a different designer do the 
job, because the man who designed the original casting 
unconsciously wil) copy the casting into the welded 


design, and this is not good practice for low-cost weld- 
ments. 


Mi manufacturers are recognizing the ad- 


Analysis of Loading 


One fundamental rule is to analyze the type of loading 
the weldment will encounter. This analysis will point 
to one of three types of design: 


1. Design for static loading (to support itself and 

dead load or slow moving live load). 

2. Design to resist deflection (where close tolerances 
are to be held under loading). 

Design to resist fatigue and impact (reversals and 
repeated loads of high stress and impact). 


Static Loading —This is most common. There are 
varying degrees of static loading, requiring consideration 
oi the different types of joint design. Excessive costs 
are due to poor design and selection of joints. 

With highly stressed parts, where the loading may 
‘pproach the yield point of the material, fillet and butt 
welds must have good penetration. Quality of the weld 
~teinforcement and appearance—should be closely con- 
tolled. Joints should be scarfed to get full penetration 
Where necessary and fit-up tolerances should be such as 
to obtain top quality of welds. 

7 The parts of a weldment that are not subjected to high 
esses, merely supporting the structure in a certain 
oe be welded speedily and at low cost. For 
: aris 1s possible to butt weld a */,-in. plate, using 
Usine jot, at the rate of 9.8 ft. of joint per hour. 
mg a em butt joint increases the rate of 45 ft. per 
“eee which is 460% faster and allows one man to do 
© Work of approximately five men. The economical 


Jont would not have 100% penetration, but if 100% 


Week of Oct “ot Annual Meeting, A.W.S., Chicago, IIl., 


onsulting Engineer, The Lincoln Electric Co. 


Design of Arc-Welded Steel and Its 
Relation to ‘Costs 


By R. H. Daviest 


Fig. 1 


penetration is not necessary, it is wasteful to design for it. 

It is basically essential that the problem be analyzed 
to determine what type of joint will give the lowest 
cost. 

To Resist Deflection——Here the structure is made 
heavy enough to withstand high loading without any 
deformation. Since there is very little stress per square 
inch, except in the extreme fibers, the savings to be 
gained from proper design are tremendous. In most 
cases plates up to 1 in. do not have to be scarfed at all, 
and plate over 1 in. need very little scarfing (Fig. 1). 

Since deflection is mainly a function of the moment of 
inertia, welding done in the center of the plate near the 
neutral axis has very little effect upon rigidity. In most 
cases much less than 100% fusion is required. Fillet 
welds can be much smaller. The reduced amount of 
welding minimizes warpage from excessive heat, making 
it much easier to hold close tolerances. The small 
fillet welds on the left are ample for rigidity. The larger 
fillets on the right are required only where high strength 
is necessary. (See Fig. 2.) 

To Resist Fatigue and Impact—Highest quality weld- 
ments, with 100% penetration, are necessary in this 
type of welding. Fillet welds should be avoided as 
much as possible. Instead of the normal fillet welds 
on a tee-weld section, the leg of the tee should be vee’d 
and welded to the flanges of the tee with 100% pene- 
tration (Fig. 3). 

Structures should have gradual change of section to 
avoid stress concentration. Change the direction of 
stress gradually, by rounding out corners; sharp corners 
tend to concentrate this stress and fatigue cracks will 
result. Such simple errors as undercut, too heavy re- 


inforcement, insufficient penetration, etc., are strictly 
taboo. 


Dt 


WELDING FOR RIGIDITY WELDING FOR HIGH STRENGTH 


Fig. 2 
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Table 1—Comparison of Cast Iron and Steel 


Cast Iron Mild Steel 
Ultimate tensile strength, 
psi. 
A, Tension 
B, Compression 
Yield point, psi. 27 ,000—40,000 
Modulus of elasticity 12,000,000—-15,000,000 30,000,000 
30° 


Elongation, % % 


55,000-65,000 
55,000-65,000 


One of the big problems that designers have is the 
redesigning of cast iron to welded steel. The properties 
of the two materials are very important in the change- 
over. 

In compariag cast iron with welded steel the physical 
properties are very important. Table 1 gives these 
properties. 

It is interesting to note that the tensile and compres- 
sion strength of cast iron are different whereas with 
steel they are equal. The strength of cast iron is rarely 
considered, however, as rigidity is the design criteria 
for most machinery where it is used. In a beam which 
would be subject to extreme bending an efficient design 
for cast iron would have to have unequal flanges to 
compensate for difference in tensile and compression 
strength (Fig. 4). A steel beam would have equal 
flanges. Therefore in plates or any structure subject to 
bending or tension, steel has a decided advantage over 
cast iron. 

The yield point of steel is a definite known quantity 
whereas with cast iron it is rather nebulous. This 


Table 2—Factors of Safety 


Load Load 
Varying Varying 
from Zero from Zero 


Direction Directions 


10 15 
6 8 


Cast Iron 
....Weight per foot, lb 


29.2....Area of section, sq. in... 
1648.3. ...Moment of inertia 


instability on the part of cast iron makes it impossible to 
determine correctly the practical strength in relation t 
yield point. 

The modulus of elasticity is a fixed quantity for any 
type of steel, whereas the modulus of elasticity of cast 
iron varies somewhat with the tensile strength. In 
structures where rigidity is the most important factor, 
the high modulus of elasticity of steel is of tremendous 
value. From the table it can be seen that steel is from 
two to two and one-half times stiffer than cast iron. 

Due to the unstable qualities of cast iron and the lack 
of uniformity the difference in factors of safety of th: 
two materials gives steel an additional advantage (Tabk 
2). Thus with the different types of loading some of the 
cost savings will vary according to the difference in 
factors of safety. 

Inasmuch as the design criteria for most machinen 
structures is rigidity; strength does not particular!) 
enter the picture as the resistance to deflection is par 
mount. 

The following is an example of a simple direct chang’ 
over of cast iron to welded steel. . 

The structure considered is a cast iron I-Beam whic! 
is to be redesigned to welded steel. ‘he sectional 
mensions of the beam are shown in Fig. 5 along with th 
weight per foot, area of section and moment of inert 
The steel beam that replaced this section is shown 1n Ui 
same figure. 

The weight savings can be determined by the follow: 
simple calculations. Formula for deflection of a Dea" 
loaded as shown in Fig. 6. 
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5WE 
D = 38461 
Where 
Pl’ _ Deflection caused by the concentrated load at 
isk] _ the center 
And 


5Wl _ Deflection caused by the distributed load or 
~weight of the beam itself 


Where 
P = Concentrated load, Ib. 


| = Span of beam, in. 

W = Total weight of beam, Ib. 

E = Modulus of elasticity 

| = Moment of inertia, in. 

D = Deflection, in. 

t = Thickness of web, in. 

h = Distance between the flanges, in. 
d = Depth of beam, in. 


Inasmuch as the weight of the beam is unimportant in 
this case and in most cases, it will not be considered here. 
[hus the deflection formula is: 

48EI 

lhe problem is to design a steel beam that will be rigid 
as the cast-iron beam and still retain the external dimen- 
sions of height and flange width. 


Thus: Del = Ds = 
48Euls  48E,/, 

irom which = E,I,* 

= 15,000,000 

E, = 30,000,000 


I, = (Eales = E,I,) 
= 15,000,000 X 1660 = 30,000,000/7, 
_ 24,800,000,000 
30,000,000 
= §32 


Subscript ci refers to cast iron’and subscripts to steel. 


Fig. 9 


DESIGN OF ARC-WELDED STEEL 


Fig. 11 


Fig. 10 


To equal the rigidity of cast iron the steel beam will 
have a moment of inertia of 832 in comparison to 1660 
for the cast iron. Inasmuch as the external dimensions 
of the beam are to be the same the only sections that can 
be varied are the thickness of the flange and the web. 

The welded beam in Fig. 5 has the same external 
dimension as the cast-iron beam but the thickness of the 
flanges are only 0.4 in. and the web 0.4 in. which gives a 
weight savings of 62%. The stiffness of the steel mem- 
ber is the same as the cast iron for the moment of inertia 
is 830 which is required according to the calculations. 

If the limiting external dimensions could be relaxed 
even greater weight savings could be made as the moment 
of inertia could be increased by enlarging the section and 
making the thickness of the flange and web much thinner. 
This is relatively impossible to do with cast iron as 
casting tolerances limit the thickness due to the difficulty 
in casting thin sections. Many bulky items of cast 
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Fig. 13 


iron could be made of sheet metal in steel as there is no 
practical limitation in thickness or size of part in steel. 

The above example of the fundamentals of changing 
cast iron to welded steel is relatively simple but the 
same principles can be used in practically all redesigns 
although the mathematics may be more complicated. 

One of the big mistakes that designers make is to take 
a blueprint and redesign directly from the casting rather 
than set up the functions and then design the welded 
steel structure around it. 

Let us take the example of a simple pedestal which 
has to be redesigned from a casting and have good ap- 
pearance for sales value. The pedestal’s function will 
be to support a tool which will be fastened to it, and 
support the work which the tool machines. First, we 
determine the necessary height of the pedestal and the 
working area of its top. Next, we find that loading is 
nominal and the structure merely has to resist deflection. 
Therefore, the joint design will be square butt for high- 
speed production. 

In Fig. 7, we see all the design criteria: loading, 
height from the floor, area necessary for the work to be 
done. 

Figure 8 shows a fundamental design for the part, a 
simple, square-type box, which functionally will do the 
job but has no sales appeal. The design in Fig. 9 has 
more sales appeal and better appearance. If only one of 
these units were to be built, the square box design would 
be the cheapest because of the ease of lining up and 
handling the parts. Actually there is more welding on 
Fig. 8 than on Fig. 9 so in a high production job, Fig. 9 
would be most economical because the extensive use of 
bending eliminates much welding. 

In a large fabricating shop with large bending presses, 
this type of work is easy. A small shop can do it, but 
at higher cost. 


Fig. 14 


There are many points to remember on a redesign 
from castings to weldments. 


A cored lightening hole in cast iron is less expensive 
than to leave it solid. The reverse is true in weldments 
as it takes an extra operation to cut the hole out and the 
material on the inside of the hole is scrap. Every man 
hour saved is equal to approximately 35 lb. of steel, 
therefore it is usually less expensive not to cut holes ina 
plate for mere cost savings. 


There are always many objections to anything new 
and arc-welded steel comes in for its share. One of the 
big “‘bugaboos”’ is vibration. Many times designers 
will throw out welded steelewith an off-hand remark that 
steel will vibrate. It is true that cast iron has greater 
damping capacity than steel. This means that after 
a force has started a vibration in cast iron the vibration 
will die out faster than it will in steel. However, this 
does not take into consideration that the vibration in steel 
is of a lower amplitude than cast iron which means there 
is actually less deflection and steel, being a stiffer mate- 
rial, takes a greater force to make it vibrate. Once 
the vibration is set up in steel it does vibrate a longer 
time which makes it more susceptible to harmonics 
This becomes a function of the shape of the part, and, 
any difficulty that is encountered with harmonics, which 


is very rare, can be corrected by merely placing a stifi- » 


ener at the point of maximum intensity or changing the 
section. 


Another off-hand objection that is made in relation 
to precision machinery is that steel will move after it 1s 
machined due to the locked-up stresses. This 1s 4s 
true with green castings. Weldments that have beet 
stress-relieved will not give any difficulty. 


There has been in recent months a great deal of interest 
in changing over from cast iron to welded steel. The 
following are a few examples of this: Figs. 10 and 1! 
illustrate a changeover of a band saw that gave bettel 
eye appeal at almost half the price. 

Figures 12, 13, and 14 are pictures of 2 high-speed 
stapling machine which, welded steel, reduced the weight 
by 35% and cost just 60% as much as the cast iron base 

There are many inherent costs savings to be made 
the design of welded steel machines, and a little more 
knowledge of the fundamental approach will give better 
and more satisfying results. 
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White Metal Welding 


By A. E. Speck* 


ELDING shops, garages and automobile re- in holding parts in position and furnishing the necessary 
pair shops can successfully weld white mgtal or support. y 

die-cast metal by observing a few simple pre- -Choose a small blowpipe equipped with a small size 
cautions. White-metal castings are used on automobiles, 
household articles,such as washing machines and vacuum 
cleaners, and industrial dynamo housings and brackets. 
Broken and worn parts are often difficult to replace and 
their successful repair can be a source of increased profits 
for the welding shop. 


Preparation for Welding 


Make a spatula from a piece of bronze welding rod, 
isshown in Fig. 1. Itis useful to break down the oxides 
covering the fracture, to form the plastic metal and to 
transmit heat from the flame to the metal when thin sec- 
tions are welded. 

An excellent welding rod can be made in the shop just 
before the welding operation. Use the blowpipe to melt 
i few scrap pieces of white-metal castings, such as car 
door handles and radiator grilles, into a clean angle iron 
trough as shown in Fig. 2. Allow the molten metal to 
cool in air as a triangular-shaped welding rod. Many 
perators prefer this type of rod to the commercial white- 
metal welding rods. For ordinary work, rods should be 
‘win. or less in diameter. For small thin-walled cast- 
ings '/s-in. rod is recommentded 

It is important to remember that white-metal castings 
net at about 800° F. but that the chromium plating or Fig. 2—-Part of an Automobile Grille Is Melted Into an Angle 
xide coating melts at about 2100° F. Grind or file off Iron Trough to Make White-Metal Welding Rod 
the nickel or chromium plating or the oxide coating for 
about */15 to '/, in. on both sides of the fracture. To 
build up a worn or broken surface clean and grind 
the surface. This will remove dirt, grease and oxides 
that might interfere with the welding. 

Keep parts well supported during welding to prevent 
sudden collapse of the heated metal. Carbon paste, rod 
and plate and wet asbestos paper are of great assistance 


Can eens Service Representative, Dominion Oxygen Co. Ltd., Montreal, 


Teal Spatula, Formed from a Bronze-Welding Rod, Is Fig. 3—A Broken White Metal Bearing Block for a Power 
t Breaking Down Oxides a on, A Welding and for Take-off on a Farm Tractor Has Been Prepared for the Building- 
Smoothing and Shaping the Metal 


up Operation 


t 
4 
| 
J 
‘ 
‘a 
P 
q 
oF 
= 


welding head or tip, such as the Oxweld W-15 welding 
blowpipe with No. 1 or No. 2 head. A slightly excess 
acetylene flame is recommended. However, some oper- 
ators prefer a neutral flame. An oxidizing flame should 
not be used. Adjust the oxygen and acetylene pressure 
as recommended in the blowpipe instruction book. 


Welding Procedures 


Broken parts can be welded, and worn surfaces can be 
rebuilt by using these welding procedures. Before at- 
tempting to weld, preheat the entire casting to a temper- 
ature of about 250° F. by playing the outer envelope of the 
flame over its surface. Every few moments hold the 
flame on the surface of the break for a few seconds and 
then continue to play the flame over the entire casting. 
The casting is ready to weld when fine beads or droplets 
appear on the surface at the break. If the casting is 
preheated evenly all over, these beads or droplets will 
appear over the entire casting at approximately the same 
time and there is danger that the casting will collapse. 

Maintain preheat during welding by occasionally 
sweeping the flame over the casting. Never bring the 
blowpipe tip closer than three inches from the casting at 
any time during preheating or welding. When the cast- 
ing is preheated, focus the flame on the fracture or the 
surface to be built up. Break down any oxides in the 
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Fig. 4—The White-Metal Welding Rod Is Added a Little ata Time. The Operator Is Using an Oxweld W-15 
with Small Welding Head. A Slightly Excess Acetylene Flame Is Recommended 
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welding zone with the end of the welding rod or the spat 
ula. To prevent collapse of the metal, add the welding 
rod a little at a time. By withdrawing the flame i 
short intervals you can keep the metal under easy con 
trol. Use the spatula to remove any impurities [rom 
the weld metal and to obtain complete penetration 
puddling or stirring the molten metal. The spatula ss 
also useful to smooth and shape the plastic metal an¢ 
reduce the amount of finish grinding. Continue to bull 
up the weld until it is from 1/1 to '/s in. higher than the 
adjacent surface. The surplus metal can be ground 0! 
when the weld has cooled. If appearance is importatl 
the part can be replated after grinding and finishing. 

To weld extremely thin sections, such as are encoul 
tered in carburetor float chambers, use the spatula or 
piece of ordinary */,,-in. bronze welding rod to tramsm 
heat from the flame to the work. If the flame 1s !ocus® 
directly onto the thin section, the metal may quickly 
lapse. To prevent this, after preheating the castimg, “° 
rect the flame against the spatula about 1 in. above ™ 
end and touch the end of the spatula to the casting. J) 
enough heat is transmitted to melt the metal in the frac 
ture. 


Precautions 


Too much emphasis cannot be put on the prope! prep 
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ration of the parts to be welded. White-metal castings 
usually have either a hard oxide skin or a nickel or chro- 
mium plating. The white metal base melts at about 800° 
F. but the oxide and plating melts at about 2100° F. 
Many easy jobs can be ruined unless the operator care- 
iully grinds off the oxide or plating at the point of weld- 
ng. While the oxide or plating is being melted the in- 
ier etal may become molten and the casting may finally 
urn up or collapse. Carburetor housings develop this 
xide skin rapidly and they cannot be welded success- 
iully unless the skin is thoroughly removed. 


Fig. 6 The Bearing Block Has Been Rebuilt and Ground. 
e Added Metal Is as Strong as the Base Metal 


Fig. 5—The Spatula Is Useful for Smoothing and Shaping the Metal. Final Machining Can Be Held toa 


um 


Adequate ventilation must be provided so that the 
welding operator does not inhale any harmful fumes. 
Washing machine gyrators may spall when heat is ap- 
plied. The operator’s face, arms and hands must be 
protected against the tiny pieces of white metal which fly 
off the gyrator. 

Before the welding operator actually tries to weld, 
he should practice on a worthless piece of white metal. 
He should try flame adjustments, preheating, manipu- 
lation of the welding rod and use of the spatula, and he 
should note carefully the change in appearance as the 
white metal passes from cold to molten state. 


Fig. 7—White-Metal Glove Compartment Door and Washing 
Machine Gear Dogs Were Welded and Machined 
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end welding studs is as fundamental in principle 
as arc welding itself. Basically the process consists 
of two steps: (1) Developing heat by drawing an arc be- 
tween the stud (electrode) and the plate (work) to which 
itis to be welded; (2) bringing the two pieces into in- 
timate contact when the proper welding temperature is 
reached. The end-welding of studs by this method has 
been the subject of several investigations at various times 
since the first welder accidentally allowed his electrode 
to stick in the weld metal puddle and realized that studs 
could be welded in this fashion. In spite of a great deal 
of work on the idea of stud welding by many individuals 
the process remained relatively unexploited until the late 
1930’s when the value of the process, as a meays of satis- 
factorily securing wood decking to steel, was fully 
realized. 

During this same period the idea of a flux-filled stud 
and ferrule (are shield) which could be used in any weld- 
ing position was brought forth. This very vital devel- 
opment by Ted Nelson, ft accompanied by his presentation 
of a relatively satisfactory stud gun capable of con- 
sistently making good welds in any position, was the 
final step necessary to make the stud welder a very 
satisfactory and universally usable tool in place of a 
welding curio. : 

Under the impact of war conditions the development 
of stud welding, like that of many other welding processes 
was given a tremendous acceleration by the demand for 
production particularly in the building of ships. In re- 
sponse to this pressure and also to further the usefulness of 
stud welding to industry in general, the present stud 
welding gun (Nelson Model H-DC) was developed. Its 
simplicity and ease of operation made it possible for com- 
plete novices to operate the equipment satisfactorily 
with a minimum amount of instruction and become quite 
expert in the matter of two to three weeks. 

The stud welder rapidly became a very vital tool in 
any industries but in the shipyards of the nation particu- 
larly, Here it turned in a very remarkable record of 
productivity gains and man-hours saved—in the installa- 
tion of wood decking, electrical wireways, insulation, 
pipe, furniture, ete. 

In the two-year post war period the advantages of 
high-speed stud welding with this highly portable, easily 
operated, semiautomatic tool have carried the process 

lito thousands of industrial plants, boiler shops, con- 


‘truction jobs, and metal-working plants in general 
throughout the world. 


[is semiautomatic shielded arc-welding process for 


Equipment 


; The present equipment for stud welding consists of the 
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pecialty Welding Equipment Co. 


Electric Arc Stud Welding 


By Robert C. Singletont 


stud gun, a control unit (timing device), studs and ferrules 


(are shields), and a source of welding current. Each of 
these units is functional in carrying out the fundamental 
principle of the shielded electric arc-stud welding process, 
which is to establish and control an are between the stud 
(electrode) and plate (work) or surface to which the stud 
is to be welded. 

The mechanics of the process areas follows: The stud 
is loaded into the chuck, the ferrule (arc shield) is placed in 
position over the stud, and the gun is properly positioned 
for welding. Next, the trigger is depressed, starting the 
automatic welding cycle. A solenoid coil is energized which 
lifts the stud, creating an are and forming a molten pool 
on the plate and end of stud. When the arcing period, 
as preset and controlled in the timer control unit is com- 
pleted, the welding current is automatically shut off, de- 
energizing the solenoid, and allowing the main spring of 
the gun to plunge the stud into the molten pool on the 
plate. The operation is thus completed and the weld 
is made. 


Stud Gun 


The stud gun isa highly portable tool witha tough body 
made of rag-bakelite plastic and weighing approximately 
In appearance the stud gun resembles a pistol with 
amuchenlarged bore. Welding current and control leads 
enter the gun through the handle which also contains 
a trigger-actuated control switch. A heavy copper coil 
is molded into the body of the gun, a solid or stationary 


Fig. 1—Nelson Electric Arc-Stud Welder—Portable 
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Fig. 2—Commonly Used End-Welded Studs and Fastening Devices 


core fills one end of this coil while a floating core moves : 
freely in the other end of the coil. The linkage 77 
mechanism which causes the stud to be pulled away from oe 
the plate to form the arc is attached to the floating core. | . wher 
When the trigger on the gun is depressed, welding current _ 
flowing through the coil results in a magnetic action | _ 
causing the floating core assembly to move back toward 
the handle of the gun, thus causing the chuck and stud to | ee leti 
be lifted from the work to draw the arc. There is one “oe BY ie | 
main spring within the gun body which, after the current | 
is cut off, drives the stud back into the molten pool of 
metal formed by the arc to complete the weld. 

The stud to be welded is held in position by means of a 
spring chuck which is attached to the lower bearing 


Fig. 3—Macrosection of End-Welded Stud; '/,-Diam. Stud- Fig. 4—Test Specimens of the Type Used to Determine Physical 
Welded to '/;,-In. Plate Mild Steel of the Type Used te Det 
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Fig. 5—Test Specimen Used in Program to Determine Effect of Stress Set Up by End-Welding Studs to Stress 
Relieved Boiler Plate. Stud-Welded Assemblies Were Checked Against Unwelded Over a Wide Range 
of Stud and Plate Sizes. Stress Effect Was So Small as to Be Undetectable 


portion of the stud gun. The chuck size depends upon 

the size stud to be welded. By changing chucks and 

ierrule holders, it is possible to use the same gun to weld 

y) stud varying in diameter from '/; to */, in. Naturally 

, appropriate changes must be made in generator and 
timer settings. - 


were available in one diameter and two lengths. At the 
present time it is possible to obtain almost any size or 
shape of stud so long as it can be flux loaded, comes with- 
in the capacity of available welding machines and aq fer- 
rule can be made to go around the stud. Along with a 
full range of standard stud sizes from 6-32 screws, to */, 
in. diameter, studs from */s to 8 in. in length both 
male and female, tapped or blank, are available. It is 
also currently possible to obtain eye bolt, “‘J’’ bolt, 
rectangular and square studs, as well as punched, slotted 
grooved, bent and pointed studs. In short, almost any 
type of fastener, which can be welded on one end, can 
be stud welded by the electric arc-stud, welding process. 


The Control Unit 


The control unit consists fundamentally of a high- 
speed welding contactor and a timing device, along with 
suitable relays to permit the proper wiring of the con- 
trol circuit. The timing unit is graduated in terms of 
cycles and is easily adjustable. Once set, the control 
wit maintains the proper time interval for the stud 
size being welded. The time interval may vary from 3 
to 45 cycles (1/9 to */,4 sec.) for '/, to */, in. diameter 


Studs 


The welding end of “‘all position’’ welding studs is re- 
studs. cessed to contain a quantity of welding flux which is 
The most common stud-welding control unit (Nelson sealed within or permanently affixed to the end of the 
Model H-DC) is unique in that the control circuit is stud. The flux functions as an are stabilizing material 
perated by part of the d.-c. welding current. By this as well as a deoxidizing agent. 
procedure it is possible to operate a stud welder Standard stud material is AISI, C-1020 or C-1015 
wherever it is possible to operate a welding machine, either with specifications requiring a tensile strength between 
electric-motor or engine driven. Another feature of the 65,000 and 85,000 psi.; 20% minimum elongation and 
» i outrol circuit is the interlock used to make sure that 55% minimum reduction of area. An extensive investi- 
once the welding operation is started it will go tocom- gation into the physical properties of end-welded studs 
pletion regardless of whether or not the operator holds has shown that these values may be taken as characteris- 
the trigger closed. tics of the stud-welded assembly, as the weld is con- 
sistently shown to be stronger than the stud itself, with 
test failures always occurring in the stud section. 
Static tensile tests on studs ranging from '/, to */, in. 
in diameter have given ultimate strength values of 
68,500 psi. to 88,400 psi. 


Studs and Ferrules 


| Originally studs supplied for electric arc-stud welding 


Table 1—Static Tension 


WELOED 


tein Stud Rockwell Load at Stress at Looed at Ultimate Elongation Reduction 
imen Diameter Hardness Yield Point Yield Point Fracture Point | ‘ — Stress in 2” of Area Fracture 
Gin Inches) (B-Scale) (Lbs.) (PS!) (Lbs.) * (PSI) (%) (%) 
Stud 245 B-79 3,200 69,200 3,470 73,900 205 aa 
366 B-85 7,200 68,700 8,585 81,800 22.3 
495 8-78 10,500 53,230 13,200 68,470 26.2 
624 18,600 61,000 24,000 77,000 21.0 canescens 
741 B-81 24,370 56,330 30,100 69,630 
ysical Sd Welded] Assembly 30,760 71,500 “In Stud 
EMBER 
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@op MATERIAL C-1020 


Table 2—Impact Tension 


STUD WELDED 


PULL 


STUD 


STATIC TENSILE PROPERTIES OF STUD MATERIAL 


Stud Rockwell Load at Stress at Load at 
Specimen Diameter Hardness Yield Point | Yield Point | Fract. Point 
In Inches B-Scale (Lbs.) (PSI) (Lbs.) 


pow IMPACT TENSION 
in of Angle Energy Fracture 


Stud .252 B-95 4,000 80,200 4,400 
Stud Welded] Assembly 


Stud .375 B-95 8,900 80,200 9,790 
Stud Welded] Assembly 


In Stud 
From Weld 


Torsion testing of studs from '/, to */, in. in diameter 
produced torque strengths ranging from 200 in. Ib. for the 
small diameter (.241) to over 2000 in.-lb. for the larger 
diameter (.750) in. In every case, fractures occurred in 
the stud at least 2 in. distant from the weld. 

In a series of tests run to compare the relative strengths 
of studs secured by shielded electric arc-stud welding, 
ordinary fillet welding and drilling and tapping, results 
obtained indicated that ‘‘stud welding” was superior in 
strength to mild steel studs secured by drilling and tapping 
in all tests run including static tension, torsion and im- 
pact tension. Stud-welded test results were equal to 
those obtained for fillet-welded studs except under impact 
tensile conditions where the stud-welded specimens were 
found to be markedly superior. This is undoubtedly due 
to the fact that the stud-weld method produces a fusion 
weld across the entire base of the stud, thus the weld 
area is considerably greater than that of the usual fillet 


TUBES SUBJECTED 


BI-AXIAL STRESS 


Figs. 6 and 7—Sample Specimens Used to Determine Effect of Stud Welding on Stress Relieved P 

Vessels Subject to Bi-Axial Stress. Note That Fractures Are the Same in Both Welded and Blank Specimens. 
Test Results Indicate No Noticeable Difference in Rupture Strength 
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weld. Also the plunging of the stud into the molten pool 
of metal by the main spring gives the desirable feature 
of pressure welding or forging the stud and plate to- 
gether. (See Tables 1-5 for summary of test results.) 


Ferrules 


An individual porcelain ferrule, or arc shield, is used 
with each welded stud. The ferrule is placed over the 
end of the stud and held in place by a suitable spring, 
tube leg assembly or ferrule finger assembly as the par- 
ticular job may require. The ferrule is a most vital part 
of the stud-welding operation, performing several im- 
portant functions. 

The ferrule 

1. Shields the arc to protect the operator avoiding 
need for the customary welding hood. Safety 
glasses are recommended. 

Concentrates the heat during the weld period. 
Confines the molten metal to the weld area. 
Helps prevent oxidation of the molten metal 
during the arcing period. 

Prevents charring of material through which stud 
is being welded. 


bo 


Generators 


The stud welder may be operated with any NEMA 
rated 300, 400, or 600 amp. d.c. welding generator. 
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ROD MATERIAL C1090, STUD MATERIAL C020 


STATIC TENSILE PROPERTIES OF STUD MATERIAL 


Stud Rockwell Load at Stress at Load at Ultimate | Elongation | Reduction} Maximum TORSION 
Specimen Diameter Hardness Yield Point | Yield Point | Fract. Point Stress in 2” of Area Torque No. of Fracture 
(In Inches) (B-Scale) (Lbs.) (PSI) (Lbs.) (PSI) (Oo (in. Lbs.) 360° 


(Twist) 


Stud 241 B-79 3,100 66,200 3,470 73,900 20.5 62.0 212 37.1 


In Stud 


209 30.0 In Stud 
2%" From Weld 


In Stud 
| 862 3.6 In Stud 
From Weld 


In Stud 
2065 2.8 in Stud 
2" From Weld 


Stud 376 B-95 8,900 80,200 9,790 88,270 22.0 59.0 820 6.0 


Stud 502 B-95 15,720 80,200 17,300 88,270 22.0 590 1953 51 
Stud Welded| Assembly | = | 


The size and type of machine necessary is dictated en- 
tirely by the size of the stud to be welded and the con- 
ditions under which the welding must be done. Nor- 
mally a rated 300-amp. machine with a nominal amount 
of welding cable (2/0 or larger) will weld a */s-in. stud 
without difficulty. For larger studs up to '/, in. in diam- 
eter, a rated 400-amp. machine is recommended. 
Where excessive cable lengths must be used, bad mag- 
netic blow conditions exist, or the incoming a.-c. power 
condition is questionable, a 600-amp. machine is rec- 
ommended for '/9-in. diameter studs. 

For the welding of 5/, and */,-in. diameter studs it is 
usual practice to parallel two 400-amp. machines and 
three 400-amp. machines, respectively. 

The stud welder may be operated with portable engine- 
driven equipment providing the idler arrangement 
is by-passed and, the generator is allowed to operate 
at constant speed. 


Fig. 9—Dual Production Unit Set Up to Weld Studs to Ironer 
Shoes on Domestic Ironer. Production Rate—2 Units 8 Studs 
per Minute 


Extensive investigation into the problem of stud-weld- 
ing generators has indicated that the type d.-c. welding 
machine, which reaches peak output in a maximum of 1 
to 2 cycles and is able to maintain this maximum output 
over the entire weld cycle, is the most satisfactory for use 
with the stud welder. Also it has been found advan- 
tageous to have a generator with a relatively high open 
circuit voltage (95-100). 


Metallurgical Aspects 


As would be expected, the metallurgical problems of 
electric arc-stud welding are generally much the same 
as those encountered with any arc welding process where 
the heat of the electric arc is used to melt a portion of the 
parent metal and the electrode as a part of the welding 
procedure. One notable exception which gives improved 
impact and fatigue properties is the intimate fusion of base 
metals (unmelted portion of the stud and work 
piece). This condition is clearly shown in both macro 
Fig. 8— ; , and micro examination. A typical stud weld macro- 
Nelson section shows the weld metal (metal melted during 

Sexed by the Hand Wheel Placing Stud in Spiral Pattern. welding operation) to be pushed toward the perimeter of 
Production Rate—1 Roller or 369 Studs per Hour the stud to form a fillet. A fairly large percentage of the 
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Fig. 10—Nelson Production Model Electric 

Arc Stud Welding Gun, with Air Cylinder 

and Arch Assembly. Basic Unit for Design 
of Multigun Production Units 


end area of the stud (base metal-unmelted) is touching 
the base metal of the work piece, thus lowering the amount 
of weld metal (cast structure) to a minimum. The 
various heat-affected zones common to arc welding are 
present except to a lesser degree due to the short welding 
cycle. Micro examination shows that the zones noted in 
the micro-section and the micro structures present there- 
in are typical of those found in arc welds made on mild 
steel with the exception of the intimate fusion of base 
metal of stud and plate. 

Since this similarity exists the same restrictions as to 
the weldability of ferrous materials, which apply toelectric 
arc welding in general, may also be applied to stud welding. 
The usual carbon limit for carbon steel to be stud welded 
without preheat is 0.30%. While sound welds may be 


obtained on the higher carbon and alloy steels, the dan- 
ger of brittleness in the weld or heat-affected zone, due 
to hardness resulting from the quenching action of sur- 
rounding metal, makes such welding impractical with- 
If sections are relatively 


out preheat, draw or both. 


light—'/, in. and under—this limit may be raised some- 
what due to decreased cooling effect of lighter section. 
If the section to which the stud is to be welded is heavy, 
the stud welding of higher than 0.30% carbon stee| 
without preheat is a questionable practice. Higher car- 
bon steels and the common alloy steels may be welded 
without difficulty, providing necessary heat-treating pro- 
cedures may be incorporated into the welding operation. 
Most satisfactory results are obtained with preheat al- 
though where the medium carbon steels are being used, 
post heat is usually satisfactory providing the stud is not 
subjected to shock prior to heat treating. If the higher 
carbon steels are to be stud welded it is imperative that 
preheat be used in order to prevent cracking through the 
heat-affected zone before the welded unit can be sub- 
jected to post heat. In some instances the combination 
of preheat with a draw after welding has proved to be 
very satisfactory. 

Stainless steels of all classes may be welded; however, 
only the austenitic stainless steels are recommended for 
general application as other types are hardenable and will 
give brittleness in weld area unless preheat or draw is 
used. This class includes the A.I.S.I. types 304, 307, 309, 
310, 347, etc. Most commonly used of the stainless 
steels is A.I.S.I. 304 (18-8 Cr.Ni.). 

Stainless steel studs may be readily welded to stainless 
steel or to mild steel as the application may require. 
The welding setup used is the same as that recommended 
for ordinary steel except for an increased power require- 
ment (about 10%). 

Stud welding of stainless studs is particularly popu- 
lar because of the lengthy drilling and tapping operations 
it eliminates. The method is being used with particu- 
larly significant cost savings in fabrication of food proc- 
essing equipment and bottling machinery. 

The low alloy hi-tensile steels such as Yoloy, Cor-ten, 
N. A. X., MayAri R, Otiscoloy, R.D.S., etc., may and 
are being satisfactorily stud welded when the carbon con- 
tent is held to 0.12 maximum. This maximum fits gener- 
ally the analysis of the above materials where they are 
supplied for welding and forming operations. If the 
carbon content exceeds the above noted maximum, 
it may be necessary to resort to moderate preheat im 
order to obtain a maximum of toughness in the stud 
weld area. 


Application 


Stud-welding applications may be readily placed in two 
categories, depending upon the stud welding unit being 
used; i.e., the production unit where the work 's 


APPLIED 


STUB MATERIAL C1020 


wien 


¢-1020 


Table 4—Shear 


MATERIAL 1020 — 


STATIC TENSILE PROPERTIES OF STUD MATERIAL 


Rockwell Load at Stress at Load at Ultimate | Elongation | Reduction Load to 
Specimen Yield Point | Yield Point} Fracture Pt Stress in a of Area Load Fracture 
In Inches | B-Scale (Lbs.) (PSI) (Lbs.) (PSI) (%) (%) (PSI) 


Stud 432 B.79 8,300 57,000 10,100 70,600 25.5 | - In Stud 
Stud 432 B.79 8,300 57,000 10,100 70,600 25.5 Fracture 
Stud Weldled Assembly 7,000 | Both Studs | Bent 30° | No 
Stud 496 B.76 10,300 53,500 13,100 68,200 27.5 59.0 trocture 
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Table 5—Summary of Strength of Studs 
static tension (Ibs.) ultimate torque (in. lbs.) 


13,300 


5,500 


SECURNIG METHOD AND Inch Diometer Inch Diometer Inch Diameter Inch Diameter Inch Diameter 
TYPE STUD Yield Fracture Yield Fracture Yield Fracture Yield Froeture Yield Fracture 
18,400 11,800 14,700 6,700 8,300 2,900 3,700 
‘ 1,980 8.40 
np ¥ 32,400 22,400 14,000 7,200 2,700 
Sed 5,180 3,180 1,560 740 155 


1,300 
13,200 


1,400 
13,400 
1420 


310 
5,200 


590 
8,000 
780 


210 


friction or more leverage by principle of ot inclined plane (Spiral Screw Thread). 


“Tests on Threaded Studs with Dry Threads — if threads ore oiled or greased torque results will be 5% to 20% lower depending on type oil or grease used, due to less thread 


brought to the stud welder, and the portable or hand gun 
which is carried to the work. 

In principle the production stud welder is the same as 
the portable gun. The fundamental difference between 
the two units is that the production welder is mounted 
on an automatic positioning device, usually air operated 
and electrically controlled which permits very careful 
control of stud location. Tolerances of +0.005 in. on 
location and *0.010 in. in height are possible when the 
production model stud gun is used with adequate locat- 
ing fixtures to position the work piece. 

The basis of the production unit is the production 
model stud gun. From one to six or more stud guns may be 
used in any one production unit depending upon the na- 
— the job being done, and the production rate re- 
quired. 

In a typical production unit the operator loads the 
studs, ferrules and work piece and presses the starter 
button. From there on the control unit takesover. The 
gun, Or guns, are automatically positioned, the welds are 
made and the guns retracted to the before-weld position 
without further attention from the operator. 

A good example of the above is a single gun unit set 
up fora manufacturer of cotton ginning equipment. This 
unit was designed to weld 7/1.-x 2 '/,- in. round end studs 
toa piece of pipe 12 ft. long, 10 in. in diameter with a '/, 
in. wall thickness. The finished item is used as the main 
breakdown roller in a cotton gin. Studs were located 
| '/, in. apart in a reversed spiral pattern. There are 
369 studs used per roller and one operator has been able 
‘o turn out 9 complete units in a 9 hr. day. This high 

production is made possible by the design of the unit 
which permits the operator to do all locating by simply 
urning an indexed crank one division between welds. 

Where production requirements are extremely high, 
more elaborate units with automatic loading and 
‘ection of work pieces and semiautomatic loading of 
studs and ferrules have been devised. Typical of this 


‘ype Would be two and three gun units set up to weld 
studs to flat iron sole plates. 


Portable Gun 


ae toubtedly the greatest use for the stud welder is in 
applications where the portability of the equipment 
this stm dominating factor. Outstanding examples of 
ee * found in the construction field where studs 
satin! isted by the Underwriters’ Laboratories, Inc., 
‘atisiactory means of securing sprinkler systems. 
construction applications include securing of plumb- 
1947 


STUD WELDING 


ing, electrical conduit, insulation of all types and roofing 
material including corrugated sheet metal, corrugated 
asbestos, and other special materials. 

The heating and boiler industries are making wide use 
of stud welding to secure inspection covers, clean-out 
doors, water heater coils, under provisions of the A.S.M.E. 
code for low pressure and heating boilers. The stud 
welder has also become a very important tool in the main- 
tenance of large power boiler installations, where it is 
commonly used to stud boiler tubes to support the high 
conductivity refractory cement used as tube protection. 

The stud welder has become a common tool in the 
shops of many railroads of the nation. Especially is this 
so in the building of Diesel locomotives, and box cars of 
all types. 

In spite of the many widely varied uses of the stud 
welder by industry it remains fundamentally a method 
for securing or attaching material to steel plate. A num- 
ber of design considerations are involved in the wide 
range of stud welding applications, and a review of some 
of these may be helpful. 


(a) The basic underlying factor influencing a change to 
stud welding is cost reduction. The actual saving 
possible is a function of the particular application and 
the possibilities of redesign arising from the use of studs. 

(6) The flexibility of use is an important factor in 
many fields. The stud gun can be used in any position 
over a wide area with equally good results. 


(c) The stud welding method very successfully elimi- 
nates the need for holes as used for installing con- 
ventional studs, units and throughbolts. This has the 
advantage of greatly improving appearances of the 
finished unit in many cases. For example, a '/, x 4-in. 
flat bar trim section runs the full length of a Diesel 
locomotive. The purpose of the flat bar is to cover 
a joint and also give a break line. Formerly riveted, 
ground and filled, the strip is now secured by studs 
welded to the inside of the strip. In addition to a 
perfectly smooth finish, the bar is now free from waves 
previously noticed. The elimination of holes with 
the consequent reduction in strength and invitation 
to corrosion and leakage makes the stud welding method 
particularly important to the builders of automobiles, 
boilers, hot water heaters, tanks, steel box cars and other 
products which must be leakproof and pressure tight. 

(d) Finally studs can be located on the surface of the 
work without regard to what is on “the other side.” 
This is of vital importance in many instances where it is 
not possible or practical to get behind the work piece. 
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AMERICAN WELDING SOCIETY 


ACTIVITIES=RELATED EVENTS 


TECHNICAL ACTIVITIES « «« 
— 100 Vital Links in A.W.S. — 


— 
How they benefit YOU 


Have you been seeking au- Through its Technical Committees and sub-committees (100 in all), the 
thoritative welding informa- Society has been compiling basic information on the welding processes; 
tion? information on testing, inspection and production control of welding as it is 
vans applied in the different industries. This information is available in the stand- 
ards and recommended practices published by A.W.S. 
Are you seeking material The codes and specifications prepared by A.W.S. Technical Committees 
spe sili tions d ae ah require- include filler metal specifications and codes and specifications for building, 


bridge, aircraft, ship, pressure vessel and piping construction each containing 


ments or regulations govern- suitable requirements for the industrial application of welding. 


ing on welded fabrication? 
The Technical Staff of the Society, with the assistance of the Members 


Do you have a specific prob- of the Technical Committees will try to assist you in finding the answers to 
lem on which you are seeking your questions whether arising out of production problems, research investi- 
information? gations or just plain academic interest. 

Have you experienced diffi- The Society, through its local Sections as well as National Headquarters 


culty due to prohibitive weld- 


j g regulations? or prohibited due to improper or out-of-date regulations. Many code 
n f 


on applications within their jurisdiction. 


HOW AWS. Technical Ac- As the authoritative source of information on welding, the Society's be 
vities benefit YOU! nical activities benefit every person engaged in the welding industry. [hes 
tivities Generit activities provide for the proper use of welding under uniform requirement 
throughout industry so that the same basic requirements for operator oné 
procedure qualifications, for design, for workmanship, and for inspector 
shall be in use everywhere. This benefits you as a designer, welding operator 

welding engineer, salesman or executive. 


— 100 Beneficial Activities | — Support Them! — 


a complete, annotated list of codes, standards, specifications and book# 


Send for — published by the American Welding Society which is available through you 
Local Section or by direct request to National Headquarters. 


e Know Your Society 
e Support Your Society 
Utilize Your Society's Benefits! 
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will assist in relieving all conditions whereby the use of welding is restricted 


have adopted A.W.S. recommendations for administering the use of welding 
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BOARD OF DIRECTORS MEETING 
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A meeting of the Board of Directors of 
the AMERICAN WELDING SOCIETY was 
held on Friday, Oct. 24, 1947 at the Hotel 
Sherman, Chicago, Ill., with the following 
inattendance: H. O. Hill, C. A. Adams, 
p. Arnott, D. H. Corey, L. W. Delhi, 
R. S. Donald, O. B. J. Fraser, W. F. Hess, 
G. O. Hoglund, T. M. Jackson, A. B. Kin- 
zl, R. E. Lorentz, Jr., C. I. MacGuffie 
L. S. McPhee, G. N. Sieger, H. N. Simms, 
R. D. Thomas, J. B. Tinnon, G. M. Trefts 
III, C. M. Underwood and A. C. Weigel. 
The following Staff members were also 
present: J. G. Magrath, M. M. Kelly, 
W. Spraragen and S. A. Greenberg. 


Appointments 


Since it is the privilege of the chairmen 
f standing committees to entertain or 
propose additions, substitutions or changes 
n committee personnel, throughout the 
uiministrative year, the Board sanctioned 
voting on recommended personnel of 
A.W.S. standing committees as a group. 

The personnel of standing committees 
for the administrative year 1947-48, as 
listributed to all present at this Board 
meeting, was approved. 

M. M. Kelly was appointed Secretary 
and Assistant Treasurer of the Society for 
the administrative year 1947-48. 


fcers Designated to Sign Checks, Notes 
and Other Documents in Behalf of the 


Society 


It was voted that the Treasurer and 
Assistant Treasurer, and, in the absence of 
ither, the President of the Society, be 
esignated to sign checks, notes and other 

xuments in behalf of the Society during 
the administrative year 1947-48. 
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Location: President Hill reported that 


verbal invitation has been received from 
the Detroit Section to hold a Board meet- 
ug in Detroit next February on the morn- 
‘g and afternoon of the date of the De- 
Section’s “International Night”; 
urther, it has been proposed that the 
*oard hold a meeting in Philadelphia on 
same date as the Philadelphia Section 
“edules one of its regular meetings. 
te latter proposal is in line with practiee 
tablished last year of meeting in the Con- 
“ation City. It serves the purpose of per- 
— Board members to get acquainted 
the host Section membership and 
learn of plans for handling Annual Meet- 
é activities locally. Proposals are that 
as, Board meetings be held in Detroit 
Prams and in Philadelphia in May, 
4 ‘eetings to be held in headquarters’ 
The 


ta of 


Board reacted favorably to the 
“ holding a maximum of two Board 
ped outside of headquarters’ city, 
Cen was expressed that it might 
tact ara to meet in new locations 
After — return to the same cities. 
ond it was voted that the 
Reetings Selection of locations of Board 
és be left to the President. 


Educational Program 
_ of trained welding technicians to 
various industrial fields was 

‘was felt that the urgency for 


training in these fields, particularly in the 
. agricultural field, offered an unusual op- 
portunity for the Socrery to render a 
worth-while service to industry and its 


membership. Proposal was that the 
Society, under the guidance of its Educa- 
tional Committee, and with the cooper- 
ation of its Sections, initiate and sponsor 
educational programs of this nature. 
Such programs would serve the three-fold 
purpose of advancing welding knowledge, 
increasing the membership of the Society, 
and stimulating Sections of the Society 
into greater usefulness. Some assurance 
was given that the Society would receive 
support of the welding manufacturers and 
cooperation of colleges and schools, if such 
a program were undertaken. 
Recommendation was made that our 
educational activities be extended to in- 
clude adequate youth and graduate pro- 
grams. The Board enthusiastically en- 
dorsed these proposed programs and left 
the matter of working out the details to the 
Executive Secretary, under the guidance 
of the Educational Committee, and with 


the cooperation of the Sections of the 
Socrery. 


ANNUAL MEETING 


The twenty-eighth Annual Meeting of 
the AMERICAN WELDING Socrety was held 
in Chicago in connection with the National 
Metal Exposition, Oct. 20 to 24, 1947. 
Nearly everyone who attended the exhibits 
the technical sessions and the social and 
educational affairs, felt well repaid for the 
time and money spent in attending the 
meeting. 

Registration of about 1500 did not 
establish a new high, but for the first time 
in several years, everyone who attended 
the convention was housed at the head- 
quarters hotel or in nearby hotels. 

The Exhibition was open on Saturday 
and Sunday to provide engineers in the 
Chicago area an opportunity to view the 
latest developments in welding and cut- 
ting, and the metals field, leisurely and 
thoroughly. In order to provide members 
with more time to visit the exhibits, no 
technical sessions were scheduled on Mon- 
day, Thursday and Friday afternoons, or 
on Tuesday and Wednesday evenings. 

The technical sessions’ were held at the 
Hotel Sherman. The meeting was opened 
with a President’s Reception on Sunday 
afternoon. Some 250 members of the 
Society and their guests took part in this 
opening social event and made it one of the 
most interesting sessions of the conven- 
tion. This President’s Reception also 
marked the beginning of the entertainment 
for the ladies. Special program was pro- 
vided throughout the convention week for 
their benefit. Their presence added to the 
success of the meeting. 

The formal technical sessions of the 
SocrgTy were opened on Monday with 
three simultaneous sessions. An innova- 
tion was the presentation of Medals and 
Prizes on Monday evening, which was 
followed by the Adams Lecture. 

On Tuesday, throughout the day, there 
were three simultaneous technical sessions, 
and in the evening, a dinner and confer- 
ence of University Professors, who came 


SOCIETY AND RELATED ACTIVITIES 


from all over the country to attend; some 
50 in number, representing the most pro- 
gressive colleges in the country. 

All day Wednesday there were again 
three simultaneous technical sessions, and 
in the evening, a dinner and conference of 
Section Officers. 

On Thursday, in addition to three 
simultaneous sessions in the morning, 
there were two inspection trips arranged 
in the afternoon, one to the pfant of the 
Pullman Co. and the other to the Crane 
Co. The Annual Banquet took place on 
Thursday evening and it was an unusually 
successful affair. Great credit is due to 
the Chicago Section for arrangements. 
The speaker, Nathaniel Leverone, Chair- 
man of the Board of the Automatic Can- 
teen Co., Chicago, covered a variety of 
topics of current interest to every Ameri- 
can citizen. His talk was enjoyed by all. 

Only one technical session was held on 
Friday morning. The afternoon was de- 
voted to the Annual Business Meeting of 
the Society with reports of the various 
standing committees, which was followed 
by a meeting of the new Board of Direc- 
tors. A list of the new Board was pub- 
lished in the November issue of the Jour- 
NAL. The first part of the Annual Re- 
port was published in the November issue 
and concluded in the current issue. 

The recipients of the Awards have been 
given full publicity in the November issue. 
Some snapshots taken on this occasion 

are reproduced elsewhere in this issue. 

The Socrety emerges from the war 
period stronger than ever in total number 
of members and financially. 


HISTORY OF THE BOSTON SECTION* 
Talk by Leon F. Jackson 


_ The AMERICAN WELDING SOCIETY was 
formed by the Research Committee of the 
Emergency Fleet Corporation in 1919. Be- 
cause of his outstanding accomplishments 
in the E.F.C., Comfort A. Adams, then 
professor at Harvard University School of 
Engineering, was the natural choice to be 
the first president. He started A.W.S. 
well on its journey and has remained close 
to the helm ever since. 

Three years later the Boston Section of 
A.W.S. was organized, and it is the 25th 
anniversary of that event that we are cele- 
brating this evening. The first chairman, 
Tom A. Wry, served for four years and 
continued most influential in our affairs 
until his death many years later. Besides 
Dr. Adams and Tom Wry, other charter 
members whom we should mention as 
this time are: Henry Westendarp and 
Harry Large, both of whom are with us 
tonight. 

The Socrety’s first attempt at holding a 
welding and cutting exhibit in conjunc- 
tion with its annual meeting was in Bos- 
ton in 1925. It was a grand success and 
much of the credit was due to Tom Wry. 

In 1931 another meeting of the national 
society was held in Boston. American 
Society for Metals had their meeting here 
simultaneously, and the two societies joined 
forces in a week-long industrial exhibit at 


* Presented at Boston Section, A.W.S., 


Twenty-Fifth Anniversary Dinner, Oct. 14, 1947, 
Hotel Kenmore, Boston, 


Mass. 
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Commonwealth Pier—the like of which 
Boston has not seen since. 

In 1929 our section held at Massachu- 
setts Institute of Technology, the First 
New England Welding Conference with 
Tom Wry as Conference Chairman. 

In 1942 the second New England Weld- 
ing Conference was at the same place. 
Peter Kyle who was then on the staff at 


M.I.T. was the conference chairman. 
Visitors came here from far and near and 
some very worth-while subjects were dis- 
cussed. 

In the earlier days of our section, month- 
ly meetings were of a different character 
from those of more recent years. Live 
demonstrations and plant visitations were 
common. Many times we joined forces 


with other societies, resulting in meetings 
attended by several hundred people. 

Our Section membership is now 120. 
During the war it was over 300. 

Purposely I have tried to be brief be- 
cause I do not feel that we should put too 
much emphasis on looking backward. 
Let’s look ahead to and plan for the next 
25 years. 


Snapshots Taken at Award of Medals and Prizes During Annual Meeting 


1. Dr. G. E. Doan presenting 1946 Samuel Wylie Miller Memorial 
2. Mr. H. O. Hill presenting Honorary 


Medal to Dr. A. B. Kinzel. 


Membership certificate to Mr. John J. Crowe. 


presentin 
and Manley W. Mallett. 


Contest to Mr. John W. Price, Jr. 


4. Prof. P. E. Kyle 
Prize in the 1947 A. F. Davis Undergraduate 
5. Mr. George N. Sieger pre- 


3. Mr. D. H. Corey 


irst 
ward 


resentin 
elding 
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senting rial source award of the RWMA Contest 
to H. J. * weeny with L. R. Jackson of prize winning wo 
6. Mr. Sieger presenting to R. C. McMaster, co-author with F. ©. 
1947 Lincoln Gold Medal Award to Perry J. Rieppel Lindwall, 1947 RWMA Second Prise Award for University Sout 
7.” Mr. Sieger presenting RWMA Second Prize Industria! Sour 
Award to D. Bruce Johnston. 
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...Read how NI-ROD* came to 
the rescue of a badly broken block 


It looked like “curtains” for this cylinder block of a much- 
needed tractor motor. 


Many shops might have scrapped it rather than have 
attempted to make repairs. 


But, this shop knew about Ni-Rod. 


Carefully, they fitted the fractured parts. Then, with 1/8” 


Ni-Rod electrodes, they welded them securely into the cast 
iron wall. 


Result: the motor block was restored to its original sound- 


ness, the motor reassembled, and the tractor put back in 
service. 


Of course this is an extreme case. Most of your welding 
jobs may not be so big... or so dramatic. But, this gives you 
4 pretty fair idea of what Ni-Rod can do. 


D 


WELDING 


Be sure to ask for your copy 


It may suggest how this electrode ¢an help you repair numer- 
ous other cast iron parts. 


For New Castings, too 


Many automotive manufacturers today keep Ni-Rod handy 
to salvage damaged new iron castings. 


For, Ni-Rod welds are high-strength, sound, machinable, 
and close-matching in color. You'll get smooth bead contours 
with Ni-Rod. Slag removal is easy. And, preheating is seldom 
necessary. 


Take the word of scores of experienced welders: “You 
can’t beat Ni-Rod for strong crack-free welds on cast iron.” 


Ni-Rod comes in 3/32”, 1/8”, 5/32” and 3/16” diameters. 
Try it yourself and see how easy it is to make on-the-spot, 
time- and money-saving repairs. Order a 5-lb. package from 


your nearest INCO distributor today. 
*Reg. U. 8. Pat. Off. 


EMBLEM 4. OF SERVICE 


of the NI-ROD instruction booklet. 


TRACE MARE 


THE INTERNATIONAL NICKEL COMPANY, INC., 67 Wall Street, New York 5, N. Y. 
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SUMMARY OF ADDRESS 
BY DR. C. A. ADAMS* 


The essence of Dr. Adams’ address was 
that our industrial, our social, our political 
and our Socrety actions should be the re- 
sult of sound logic, exhaustive survey and 
careful evaluation of facts. He stressed 
the danger of the present trend, seemingly 
common to every activity, to proceed on 
policies which are based upon opinion 
rather than upon conclusions substanti- 
ated by facts. Too frequently through 
our information and communication chan- 
nels we are not shown the whole cloth, part 
of which may be black and part white. 
We are shown but one or the other result- 
ing in our having and being influenced by 
half-truths rather than full truths. We 
must not be led astray but must build 
firmly upon scientific fact, the result of 
organized knowledge and sound theory 
which is a framework of specific knowledge 
and can be likened to a skeleton of knowl- 
edge filled out with experience. Before 
we proceed we must understand the phe- 
nomenon. Wishful thinking will not 
suffice. Dr. Adams warns that due to 
this tendency to but superficially study 
our basic problems, we are rapidly squan- 
dering our heritage. At our present rate 
of activity our high-grade ores will last 
but ten years; our oil reserves are rapidly 
approaching exhaustion; our soil is being 
soured fast; we now must go abroad for 


* Presented at 25th Anniversary Dinner, 
Boston Section, 


two-thirds of our paper pulp. Coal is one 
of the few items of our natural resources 
which we are not nearly exhausting. 

It is past time that we get down to basic 
facts; learn and study the causes and de- 
velop the right answers. Our Govern- 
ment has spent millions of dollars in- 
effectually; too frequently on thousands 
of tests, for solving a superficial problem 
rather than investing our monies in funda- 
mental research. We, in our Socrety, 
have endeavored to and should continue 
to adhere to the program of basing our 
moves and activities on organized knowl- 
edge, sound logic and a complete under- 
standing of the fundamentals in order to 
arrive at authoritative conclusions based 
on facts. 


AWARDS ANNOUNCED FOR LINCOLN 
FOUNDATION $200,000 DESIGN-FOR- 
PROGRESS PROGRAM 
The trustees of The James F. Lincoln 
Are Welding Foundation recently announ- 
ced the awards in its $200,000 Design-for 
Progress Program. The 467 awards range 
from $100 for honorable mention to $13, 

200 for the main award. 

The first main award of $13,200 was 
divided among Paul F. Hackethal, Chief 
Engineer, Clarence C. Mast, Shop Super- 
intendent and Douglas W. Hamilton, 
Welding Foreman, all of the Koppers Co. 
Aeromatic Propeller Dep., Baltimore, 
Md., for their co-authorship of a paper 
entered in the Aircraft Classification. 


Their paper described how welded design 
of a variable pitch propeller hub for light 
planes overcame the problems presented 
by low cost manufacture and strength re. 
quirements to withstand repeated loads of 
thrust torque, centrifugal pull and gyro. 
scopic action. The propeller has brought 
new safety, economy and speed to light 
private planes. 

The second main award of $10,700 was 
awarded to Kiser E. Dumbauld, Design 
Engineer, of the Bureau of Bridges of the 
Ohio State Highway Dep., for his paper 
in the Structural Building and Bridges 
Classification. His subject was the rede- 
sign to welded construction of three of 
Ohio’s bridges. 

The third main award of $8200 went to 
G. J. Storatz, Engineer in Charge, the 
Heil Co., Milwaukee, Wis. His paper 
entered in the Industry Machinery Classi- 
fication described the redesign to welded 
construction of the company’s Trail- 
builder. 

The many papers entered in the 15 
different scientific and engineering classi- 
fications of the Program were submitted 
from every section of the United States 
They covered every field of design in 
manufacturing, research and maintenance 
through electric arc welding. Partici- 
pants included scientists, engineers, pro- 
duction and supervisory personnel, main- 
tenance and methods engineers from both 
private and Marge industrial operations. 

The significance to industry of the 
savings that are to be achieved through 


Oxygen + Acetylene 
Hydrogen + Nitrogen 
and other high 
pressure gases 
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Pioneer ond Leader in the 


Typical Dual Regulator 
Fleor-Type Acetylene Manifold 


-“CONSTRUCTION 


PRODUCES BETTER 
MANIFOLDS 


@ RegO design means safe performance, 
long life and low maintenance costs. Here 
are some of the construction features a 
get when you specify RegO Manifolds 


Unit Construction... The header section 


~. of each RegO Manifold is virtually one- 


piece; extra-heavy seamless brass pipe 's 
run through the forged brass header fit- 
tings, the cylinder station shut-off valves 
pon master shut-off valves. ..all perma- 
nent connections are then silver-brazed. 
The header assembly is bolted to a heavy’ 


steel I-beam to assure permanent alignment. 


Precision Regulation...large capacity two-stage 
RegOlators assure constant and uniform delivery 
pressure to the pipe system. 

Extra Convenience... standard RegO Manifold 
construction provides individual shut-off valves 
at each cylinder station...this design perm!ts 49° 
* one cylinder to be disconnected without shut: 
ting down the entire manifold. Master shut-o 
valves control each main branch. _ 
Rigid Tests... header pipe, valve bodies and fittings withstand pressure up to 10,000 ps! 4° 
. each complete RegO Manifold is subjected 


i. 
to a sustained air pressure test up to 2,000 Ps 


There Is A RegO Manifold to Fit Your Most Exacting Requirements 


*Reg. U.S. 
Pat. Off. 


4201 W. Peterson Avenue Chicago 30, Illinois 
Design and Monstecture of Precision Equipment For Using and Controlling High Pressure Gases 


THE WELDING JOURNAL 


DECEMBER 


\ 
C 
jut 
Sav 
Seoul 
T 
asse: 
i 
stee] 
diffi 
lar f 
in 
- 
g 
only 
bott 
able 
Mins { 
hoo 
for 
/ Ti 
| 


ign 
ght 
ited 

re- 
s of 
yro- 
ight 
ight 


was 
sign 

the 
aper 
dges 
ede- 
e of 


it to 

the 
aper 
assi- 
‘Ided 
‘rail- 


e 15 
jassi- 
itted 
ates 
n in 
lance 
rtici- 
pro- 
nain- 
both 
tions 
the 
‘ough 


nance, 
. Here 
es you 
olds... 
ection 
y 
Dipe is 
ler fit- 
valves 
yerma- 
razed. 
heav’ 
nt. 

stage 
livery 


nifold 
valves 
its any 
shut: 
hut-off 


Si and 
00 psi 


How Beat Rising Costs 
Changing Welded Design 


By Francis M. Wick, General Manager 
Silver Manufacturing Company, Salem, Ohio 


ESPITE the fact that costs have greatly increased in the 
past two years, the material costs of our “Ohio” Feed 
Cutter (Fig. 1) are no more today than on V-J day, due to the 
savings we have gained by changing to welded steel design. 


The change to welded steel has also cut the machine’s weight 
24%, from 455 to 345 pounds—really a price decrease, since 
most of our sales are to foreign customers who pay duties 
assessed on basis of weight. 


We originally started ex- 
perimenting with welded 
steel design because of the 
difficulty of getting a regu- 
lar flow of parts. Our weld- 
ing department has not 
only eliminated production 
bottlenecks, but has en- 
abled us to increase pro- 
duction 79% with only a 
20% increase in employees. 
The chief reason for this is 
that the parts of welded 
steel require much less machining, grinding and fitting than 
the former material. The same man-hours we formerly put into 
finishing now are used to prepare raw materials for the welding 
department and handle all finishing. 


Fig. 1. The ““Ohio”’ Feed Cutter. 


An example of cost reductions on the individual parts is the 
hood (Fig. 2). The hood made by the former method cost 
$1.99. We now fabricate it from three pieces of 12-gauge mild 
steel, flame-cut and brake-formed, for 94.3 cents, a saving of 
52146%. Weight is also cut in half, from 17 to 8.5 pounds. 


One of the interesting changeovers to welded design is the 


, corrugated roll and shaft (Fig. 3). Weight was reduced from 


18.5 to 11 pounds. The corrugated roll is now made of twelve 
angles, 44” x 1” x 54’. Six of them at a time are inserted in a 
special jig and tack-welded together to form a half cylinder. 
The end discs, stamped from 12-gauge sheets, are slipped over 
the shaft and held in position for welding in a cradle-type jig. 
Then, using another special jig, the two corrugated halves are 


2. Welted steel hood (center) costs less than former design (left). 
How welded hood is made is shown at right. 


The above is published by LINCOLN ELECTRIC in the interests of progress. Machine Design Studies are available to engineers 
and designers. Write The Lincoln Electric Company, Dept..1212, Cleveland 1, Obio. 
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Fig. 3. At left is former corrugated roll. New welded roll and shaft (center 
Ss A 


are fabricated from steel shapes as shown. 


tack-welded to the discs. Tack welds give sufficient strength. 


Welding the shaft and roll as an integral unit eliminates the 
man-hours formerly spent in machining and broaching key- 
ways—a troublesome job. 


In redesigning the flywheel (Fig. 4), weight was removed 
from the center, where it has a low moment of inertia, and con- 
centrated on the rim, where it has the best effect. Thus the 
welded steel flywheel weighing 56 pounds has the same effi- 
ciency as the former design of 72 pounds. 


The flywheel Q.D, is 24”, The rim is a 2” x ig” mild steel 
bar approximately 6’ long which is heated, rolled and welded. 
Spokes are 3%"’ x 2%” bars, drilled and broachéd at the center 
to match the hub of cold drawn tubing spaced betweemehem. 
Welding is done in a jig which has a center post to hold the 
spokes and tubing in alignment, and three jaws which center 
the rim around the spokes. Each spoke is welded to the rim 
with a single pass, and two large tack welds join the hub to 
the spokes. 


Other parts we have converted to welded design are the side 
plates, pulleys and smooth roll. The frame, formerly bolted, is 
now arc welded. All welding is done with “‘Fleetweld 7” 
electrode. 


Fig. 4. The old flywheel was replaced by welded design (right) whith 
weighs 23% less, but is just as efficient. 
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the application of the are process as indi- 
cated in these papers gains added emphasis 
from the current upward trend of manu- 
facturing costs and prices. In a similar 
Award Program held in 1942, the Jury of 
Award stated ‘‘the savings to industry by 
arc welding claimed by the authors of 
papers aggregates $1,600,000,000. This 
figure is arrived at after discounting some 
very enthusiastic claims.’’ With the 
added knowledge of the process gained 
through its widespread use during the war, 
and with the accelerated manufacturing 
operations, it is safe to say that such sav- 
ings as outlined by the papers in the 1947 
Program would aggregate over $2,000,000, 
000, according to the Secretary. 

The Secretary further states that The 
James F. Lincoln Arc Welding Foundation 
seeks to bring out the inherent ingenuity 
of the men who create American industry 
which is the spark of our system of com- 
petition and free enterprise. The ima- 
ginative use of this ingenuity constantly 
perfects better techniques and better coor- 
dination of production with a resultant 
higher standard of living. 

To achieve this, the Foundation spon- 
sors the preparation and writing of papers 
on arc-welded design, research and edu- 
cation. Through both published books 
and technical articles abstracted from the 
papers, the information thus accumulated 
is made available to all men in the engi- 
neering and educational fields. 

The Lincoln Foundation was created in 
1936. Its purpose, as stated in the Deed 


of Trust, “is to encourage and stimulate 
scientific interest in, and scientific study, 
research and education in respect of, the 
development of arc welding.” 

The 1946-47 Award Program is the 
third in a series of similar programs and is 
only one of the educational activities of 
the Foundation. 
Undergraduate Award and Scholarship 
Program in engineering schools. It has 
also provided funds to 250 engineering 
schools in the United States and other 
countries for the purchase of scientific 
books on welded design and applications. 
These libraries are maintained with con- 
tributions of the latest material on this 
subject as it is published. The Founda- 
tion publishes a number of books. One 
now in the course of publication is called 
Welding Helps for Farmers, which is 
expected to add greatly to the economic 
life of the agricultural field; also several 
textbooks containing the latest informa- 
tion on modern machine and structural 
design are in progress. 

As a result of the present Program, the 
Foundation expects to publish a number 
of additional books, the chief one of which 
will be called Design for Welding which 
will be available early in 1948. 


FLUXES 


Krembs & Co., 669 West Ohio St., 
Chicago, have issued an engineering bul- 


It conducts an Annual 


letin describing their 89 different Fiuxine 
fluxes, each for specific types of welding, 
brazing, silver soldering and various other 
jobs. The bulletin explains how to select 
the proper Fluxine flux for 57 different 
metals; also it gives the correct flux to use 
for various makes of cutting-tool tips. 
The data have been prepared by a group of 
consulting, welding and brazing engineers, 


COMPREHENSIVE DATA ON NICKEL 
AND NICKEL ALLOY TUBING 


Superior Tube Co. announces publi- 
cation of Catalog Section 10 on Nickel and 
Nickel Alloy small tubing—(0.010 to 5/; in, 
max. O.D.). Comparative tabular data 
give the physical and chemical characteris- 
tics of Nickel, Monel, ‘‘K”’ Monel, Inconel 
and Cupro-Nickel. Details of selection 
and application for these alloys have 
been compiled for easy reference; and 
practical working tables are included 
on commercial tolerances, standard pro- 
duction limits, ordering data and Superior 
tempers. All material has been carefully 
selected to include complete and specific 
information on the nickel alloys as applied 
to small tubing in both Seamless and Wel- 
drawn (welded and drawn) form. 

A copy of reference Catalog 10 will be 
sent upon request on company letterhead 
to Superior Tube Co., 2206 Germantown 
Ave., Norristown, Pa. 
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Carbid 


IN THE RED DRUM 


EFFICIENT 
ECONOMICAL 
DEPENDABLE 


FOR WELDING and CUTTING 


Use National Carbide in the Red Drum 
Write us for information as to nearest available stock. 


NATIONAL CARBIDE CORPORATION 


New Yerk 17, N. Y. 
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THE BURDETT OXYGEN CO. 
Established 1920 
‘4 3302 LAKESIDE AVE. + CLEVELAND 14, OHIO 
= <u Welding and Cutting Equipment ond Supplies 
sa Industrial Safety Equipment 


THE BURDETT OXYGEN CO. 
3332 Lakeside Ave., Cleveland 14, O. 
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McKENNA PROMOTED 


P. Edward McKenna, a director and 
chairman of the membership committee of 
the Boston section of the AMERICAN 
WELDING Society, is now in charge of the 
stainless steel department of the United 
States Steel Supply Co., 176 Lincoln St., 
Allston, Boston, Mass. 


WEISS FORMS SALES CORP. 


Nat J. Weiss, formerly sales manager 
for the Larkin Lectro Products Corp., has 
resigned his position. He will devote his 
entire efforts to promote the Nat J. Weiss 
Sales Associates, which he formed at the 
beginning of the year, and the American 
Industrial Equipment Corp., of which he 
has been president for five years, while not 
being active in its management. Both 
organizations will operate from 116 49th 
St., Union City, N. J. 

Mr. Weiss has been associated with the 
welding industry for about 15 years. 
During the last six, he directed the sales 
of Larkin Lectro Prod. He is a member 
of the AMERICAN WELDING Socrery. 


COMMERCIAL STANDARD CS$129-47 FOR 
MATERIALS FOR SAFETY WEARING 
APPAREL (Second Edition) 


The purpose of this commercial stand- 
ard is to (a) provide protection to the 
wearer of safety wearing apparel through 
the establishment of standard minimum 
quality requirements and methods of test 
for the material used in the manufacture 
of such apparel; (b) serve as a basis for 


_ fair competition between manufacturers; 


and (c) provide a foundation for guaran- 
teeing the quality of the materials used in 
the manufacture of this product. 

This commercial standard covers mini- 
mum quality requirements for the mate- 
rial used in the manufacture of safety wear- 
ing apparel, including: (a) Asbestos fab- 
rics; (b) cotton fabrics, flame-resistant:; 
(c) leather; (d) woolen fabrics; and (e) 
accessory materials. 

This standard also covers methods of 
test and methods of labeling to certify or 
guarantee quality. 

For sale by the Superintendent of 
Documents, U. S. Government Printing 
Office, Washington 25, D. C. Price 5 
cents. 


HOBART ARC WELDING NFWS 


Vol. V, No. 1, Hobart Arc Welding News, 
is chuck full of interesting photographs 
and articles on welding from all over the 
country. Most of these photographs and 
articles are reports of readers’ arc welding 
activities. 

This publication is mailed free of charge 
to anyone interested in are welding and 
will be mailed immediately on request to 
the publisher, The Hobart Brothers Co., 
Troy 1, Ohio. 
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BOOST 


“Small work” 


PRODUCTION 


Production increases to 50% are possible when 
you put a Ransome Mode! IP Motor Operated 
Positioner on the job for small work. Position- 
ing gives you all the advantages of down-hand 
welding . . . larger electrodes . . . faster dep- 
Osition . . . smoother, stronger welds. The IP 
is ideal for hand or automatic welding of work 
up to 100 lbs, in shops, industrial plants and 
educational laboratories . . . Work manually 
tilted through 135° arc and locks at any degree 
of tilt... motor rotated through 360° at vari- 
able speeds from .21 to 5rpm. Bench mounted. 
Model IH . . . hand 
operated . . . helps 
you get more done by 
positioning the work 
for maximum acces- 
sibility. Facilitates 
welding, assembly, 
repairing, grinding 

Model IH and other operations. 
Bulletin 210B gives complete information 


Industrial Division 


MACHINERY COMPANY 
Dunellen, N. J. 
Subsidiary of 


WORTHINGTON 


Pump and Machinery 
Corporation 


Ransome Positioners and Tyrning Rolls ; . . 
. Capacities 100 Lbs. to 75 Tons 
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~~ COMPLETE RANGE OF ELECTRODES 
AND GAS WELDING RODS 


K EXPERIENCED FIELD SERVICE 
MEN TO RECOMMEND CORRECT 
RODS AND TECHNIQUES 


SAVINGS WELDING COSTS 


3 
? 
? 
7 
5 
3 
7 


This is the PaGE formula for economy in production welding. The 
uniformly high quality of PAGE welding electrodes and rods is not 
included, because that is simply taken for granted by experienced 
welders. 

Through Pace Field Service Men, your PAGE distributor can 
give you valuable up-to-date information on welding techniques 
and selection of electrodes. That’s why we say... 


Get in Touch with Your PAGE Distributor 


é 
* 
; 
» 
4 
% 
8 
1 | 4 
| 
10 
‘1 
55 
16 
93 
71 Ad, Monessen, Pa., Atlanta, Chicago, Denver, Detroit, Los Angeles, New York, Philadelphia, Pittsburgh, Portland, San Francisco, Bridgeport, Conn. 
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Here, Resistance - welding 
Costs “Get the Business” 


The toughness of Ampco-weld resistance- 
welding electrodes reduces down-time, 
increases production, saves money... 


The machine shown above—and 5 more 
just like it — must produce 1404 spot 
welds per minute. They are used by a 
leading automobile manufacturer to turn 
out 18 complete underpan assemblies per 
minute —each pan requiring 78 spotwelds. 

Rigorous production schedules such 
as this, call for trouble-free operation. 
Ampco-weld resistance welding electrodes 
are ideal for this kind of service. They 
combine the hardness and toughness nec- 
essary to resist mushrooming and wear, 
with a high electrical 
conductivity that re- 
sists sticking to the 
work. Because of 
these features, Amp- 


coloy electrodes require less dressing — 
down-time is greatly reduced; production 
is increased, 


The Ampco line of resistance welding 
electrodes and alloys is complete. It in- 
cludes standard and special holders; all 
products meet R.W. M. A. specifications. 
Furthermore, Ampco is glad to furnish 
engineering service for specialized appli- 
cations, Consult your nearest Ampco field 
engineer and write for latest bulletins. 


Ampco Metal, Inc. 
Department WJ-6 © Milwaukee 4, Wis. 
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NEW BOOKLET ON RESISTANCE 
WELDING ELECTRODES, TIPS, 
HOLDERS, ALLOYS 


Weiger Weed & Co., division of Fanstegl 
Metallurgical Corp., has released a ney 
24-page booklet on resistance welding 
materials, including replaceable tips, water 
cooled holders, seam welding wheels 
special dies, electrodes and refractory 
alloys. 

In addition to catalog listings of specif. 
cations and prices, the booklet contains 
valuable information for users of resistance 
welding on such subjects as: Recom. 
mended Electrode Materials for Spot 
Welding Similar and Dissimilar Metals, 
Helpful Tips for Better Welding, Recom. 
mended Welding Practices, Spot Welding 
Low Carbon Steel, Seam Welding Loy 
Carbon Steel, Projection Welding Design 
Data. 

Copies of the booklet may be obtained 
gratis by writing the manufacturer, Weiger 
Weed & Co., division of Fansteel Metal- 
lurgical Corp., 11644 Cloverdale Ave, 
Detroit 4, Mich. 


WELDING HELPS FOR FARMERS 


Welding Helps for Farmers is to be pub- 
lished by the James F. Lincoln Arc Weld- 
ing Foundation, Cleveland, Ohio, 448 
pages, 5°/, x 8 in. 310 illustrations in- 
cluding photographs and drawings 
cover, flexible board covered with parch- 
ment cloth simulating leather, gold em 
bossed; price, postage prepaid United 
States, $1.00 per copy; elsewhere $1.4 
per copy. 

This book is a story of the resourceful- 
ness of farmers working under difficulties 
and the book is a handy manual for farm 
owners who seek ways to save time and 
work in the future. The examples of men- 
tal alertness and of mechanical skills con 
tain within the book are an adequate 
answer to any person who questions the 
progressiveness of the nation's rural 
population. 

Stories written by farmers in every area 
of the nation prove the rapidity of ther 
acceptance of new ways of improvilg 
working conditions or working methods 
High line electricity and modern welders 
provided farmers with the means of put 
ting ideas into practical working tools 

The ideas disclosed in the book spat the 
long gap between repairing a hole ™ 4 
saucepan and the construction of a om 
plicated combine for harvesting peamtts 
Devising a way to hold a bolt soa refrac 
tory nut can be removed and developitig 
a mechanical way to hold range cattle for 
branding are farm problems for which 
answers are given in Welding Helps i” 
Farmers. 

The, book’s 448 pages and its 310 illus 
trations are divided into 16 Sect 
The first six Sections give general infor 
mation about the use of welders 0” me 
and also detailed directions for sap 
ating an are welder. The remaindes . 

book is devoted to stories told by = 
of tools and equipment they built, #0” 
with accounts of how the work was cont 
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INTERNATIONAL HARVESTER CO. 


hand for the opening of the new laboratory. 

The new department is devoted exclu- 
sively to manufacturing research, which 
is thus segregated from all other Harvester 
operations. Purpose of this was not to 
divorce manufacturing research from con- 
tact with other Harvester units, but to 
provide a climate in which research proj- 
ects could be carried forward without 
distraction. 


Location 


The new research department is located 
in the company’s ‘manufacturing research 
building at 5225 South Western Blvd., 
Chicago. The building was purchased 
from the federal government by the Har- 
vester Co. in 1945. During the war the 
plant was operated by Foote Brothers 
Gear and Machine Corp. for the manu- 
facture of aviation parts. 

The entire building contains about 
230,000 sq. ft. of floor space, of which 180,- 


000 sq. ft. are used by various sections and 


International Harvester Co. recently laboratories engaged in research. The re 
: , , mainder of the space is occupied by ad- 
dedicated its new manufacturing research 
, ‘ ministrative and opérating offices, re- 
department in Chicago. Fowler Mc- P 
. . ceiving and stores facilities, maintenance 
Cormick, chairman, and John L. Mc- : : 
“ and boiler rooms andanemployeecafeteria. 
Cafirey, president, were host to 150 news- The building is of one-story brick construc 
paper and magazine representatives on € Ry. 


tion except for the front part, the second 
story of which houses the administrative 
offices. 


Welding Section 

The primary purpose of the welding 
section of the manufacturing research de- 
partment is to assist all product: manufac- 
turing plants within the ¢ompany in 
solving any type of welding problem that 
may arise ata plant. The welding section 
will serve as a medium for transmitting 
welding ideas from one plant to another as 
well as obtaining up-to-date information 
on welding processes from its own re- 
search and from outside sources for distri- 
bution to the manufacturing plants. 

The welding section research staff will 
maintain close personal contact with 
welding engigeers in manufacturing plants 
for whom they will conduct research in- 
vestigations at the laboratory and to whom 
they will provide standards and specifi- 
cations. A company-wide welding com- 
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“THE NATIONAL FOUNDATION FOR INFANTILE PARALYSIS” 


FRANKLIN D ROOSEVELT, FOUNDER 


JANUARY 15-30 
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mittee, composed of representatives from 
each of the Harvester manufacturing 
plants is chairmanned by the head of the 
welding research section. This committe. 
was formed for the purpose of fostering the 
exchange of ideas between plants, cop. 
sidering standards proposed for welding 
subjects, and to facilitate use by manu- 
facturing plants of the services offered by 
the manufacturing reserch welding section. 

The welding laboratory has been 
equipped with machines generally repre- 
sentative of those in company manufac- 
turing plants. In addition, it contains 
some new equipment which will be recom- 
mended for installation in manufacturing 
plants if and when it is proved in the re- 
search laboratory. 

. In the are and gas processes section of 
the welding laboratory a very large weld- 
ing booth will contain three different types 
of automatic welding heads mounted on a 
table in such a way as to permit the use of 
any two without removal of the third. 

One automatic head will be capable of 
of performing bare, shielded, submerged, 
heliarc,,carbon and atomic hydrogen arc 
welding processes. The second auto- 
matic head will be used primarily for what 
is essentially a submerged arc process but 
by removing the welding head from the 
travel carriage it will be possible to use 
this machine for flame cutting or flame 
hardening. The feature of the third auto- 
matic head, a submerged arc machine, will 
be a special travel carraige designed to 
overhang a special beam section which is 
used as a track. 

A second booth has been provided 
where assemblies may be welded on a 
2500-Ib. positioner. Flame hardening 
may also be performed on the welding 
positioner. As now planned, this booth 
will eventually have an engine lathe for 
investigations in metal spraying. This 
lathe will also be used for turning work 
for flame hardening using the spinning 
process. 

A third booth will be used for welding 
extremely large assemblies on a 6()\))) Ib. 
positioner. 

Three ‘small welding booths with ven- 
tilated tables provide areas for research 
projects in all types of are and gas welding 
processes. Several special projects will be 
carried on here such as research in manual 
atomic hydrogen welding, stud and inter- 
mittent arc welding, and silver soldering. 

In the resistance welding section of the 
welding laboratory where very high 
amounts of current are required for short 
periods, a special 1000-kva. low impedance 
transformer with a 12,000 v. primary ha: 
been installed to supply energy to all 
single-phase resistance welders 1" the 
section. 

For experiments in flash welding the re- 
sistance welding sections equipped with 
four butt welders ranging from 800 to » 
kva. These butt welders may be used for 
other experiments since their pressure 
systems make it possible to use them in up- 
setting, heating and, in some cases, pres- 
sure welding. =." 

A group of press-type welders insta 
in the welding laboratory have — 
equipped for either projection OF = 
welding in order to make them mor re 
satile for research laboratory purpo™ 
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* NICKEL-CLAD.. 

* STAINLESS-CLAD.. 
* INCONEL-CLAD.. 

* MONEL-CLAD STEELS 


CLADDING 


Profit by the experience of 
hundreds of men in indus- 
try. They've discovered that 
Lukens Clad Steels give them solid metal 
protection at a lower cost. Here’s how— 


First, they determine what corrosion- 


resistant metal will provide the protection 
they need: nickel, stainless steel, Inconel 
or Monel. (If the answer isn’t immediately 
available in our files, we help find it.) 
Then they reason, “Why buy solid metal 
in that alloy when it’s only the face that’s 
exposed to attack?” 

The result? They specify a Lukens Clad 


LUKENS 
Nickel-Clad 


Inconel-Clad Monel-Clad 


Steel—ASME specification steel faced 
with the right corrosion-resistant metal 
permanently bonded to it. It introduces 
no unusual fabricating problems. Thick- 
ness of the cladding is uniform and suited 
to the requirements of each job. 

Let our engineers help you gain solid 
metal advantages with clad steel economy. 
Complete information on Lukens Stain- 
less-Clad Steels is contained in Bulletin 
338; on Nickel-Clad, Inconel-Clad and 
Monel-Clad in Bulletin 255. Lukens Steel 
Company, 407 Lukens Building, Coates- 
ville, Pennsylvania. 


SOLID METAL ADVANTAGES WITH CLAD STEEL ECONOMY 
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A feature of the welding laboratory is 
timing of all press, spot and flash welders 
through a central control panel. Almost 
any type of timing equipment may be used 
on any of the welders by merely plugging 
the welder into the panel. The panel is 
arranged to permit the use of three ma- 
chines at one time providing no two ma- 
chines require the same type of timing. 
Standard timers permit most of the ma- 
chines to be used independently. 

The laboratory is also equipped with a 
welder trial station which will be used to 
try out new types of welding equipment as 
it becomes available. The station is 
equipped with all necessary power, timing 
and other facilities. 

In addition to conducting various re- 
search projects, the welding section of the 
manufacturing research department is 
concerned with the development of 
welding standards and specifications for 
use throughout the company. The sec- 
tion has already produced a _ proposed 
standard on welding symbols. 

Recent research projects undertaken by 
the welding section include an investiga- 
tion into the hard facing ‘of plowshares 
which is nearly completed with samples 
now ready for field tests. Another project 
covers the repair of cast iron without 
reducing machinability. 

As time and the installation of facilities 
permit, the welding section will under- 
take various assignments which will in- 
clude the following: 


Development of specifications for ma- 
terials to be used for dies and electrodes on 
welding operations. 


Development of a better method for 
fabricating shifter forks presently being 
manufactured by four different company 
plants. 

Design of standard welding booths and 
tables suitable for use in all company plants 
on production work. 


Development of resistance welding 
standards including information on 
strength of typical joints as well as pro- 
cedure standards for the use of the 
equipment. 

Development of a standard classification 
test for welding operators. 


DR. A. B. KINZEL AGAIN HEADS 
ENGINEERING FOUNDATION; 
THIRTEEN RESEARCH PROJECTS 
SPONSORED, NINE MORE PLANNED 


The Engineering Foundation re-elected 
Dr. A. B. Kinzel, Vice-President of the 
Union Carbide and Carbon Research 
Laboratories, Inc., as its Chairman at the 
annual meeting of its Board in the Engi- 
neering Societies Building, 29 W. 39th St., 
on October 16th. Other officers who were 
re-elected included: Dr. L. W. Chubb, 
Director of the Westinghouse Research 
Laboratories, as Vice-Chairman; Dr. 
Edwin H. Colpitts, formerly Vice-Presi- 
dent of the Bell Telephone Laboratories, 
Director; and John H. R. Arms, Secre- 
tary. 

Members newly appointed to the Execu- 
tive Committee were: George L. Knight 
(A.S.M.E.), formerly Vice-President of 
the Brooklyn Edison Co., and Dr. Joseph 
W. Barker (A.1.E.E.), President of the 
Research Corp. and former Dean of 
Engineering, Columbia University. 
Others to continue their terms on the 
Executive Committee are: Dr. Kinzel as 
Chairman, Mr. Arms as Secretary; also 
Dr. O. E. Buckley (A.1.E.E.), President 
of the Bell Telephone Laboratories; and 
R. H. Chambers (A.S.C.E.), former Vice- 
President and Consulting Engineer of the 
Foundation Company. 

The Research Procedure Committee 
will again be headed by Dr. Chubb, 1946 
winner of the John Fritz Medal and certifi- 
cate. Other members will be Dr. Boris A. 
Bakhmeteff (A.S.C.E.), Consulting En- 
gineer and Professor of Civil Engineering, 
Columbia University; Frank F. Colcord 
(A.I.M.E.), Vice-President and Manager 
of Metal Sales, U. S. Smelting Refining 
and Mining Co., and Dr. J. F. Downie 
Smith (A.S.M.E.), Dean of Engineering, 
Iowa State College. 


Thirteen Research Projects Aided 


Reports were made at the meeting on 13 
research projects aided by the Engineering 
Foundation during the past year. These 
projects were concerned with studies in 
such varied fields as alloys of iron, metal 
cutting, welding, properties of gases, 
riveted and bolted structural joints, 
hydraulics and soil mechanics. 


Time Counts - 
Gas cut and Weld with 


SHAWINIGAN PRODUCTS 
RPORATION 
EMPIRE STATE BUILOING, NEW YORK 1,8.Y. 


Grants were recommended for the year 
1947-48 for the continuation of 9 of the 
past year’s 13 projects, and for the support 
of 8 new projects. 

The Engineering Foundation has noy 
been engaged in important research actiy. 
ities for more than 30 yr. It aided in 
establishing the National Research Coun. 
cil and its Division of Engineering and 
Industrial Research. It has contributed 
to the support of the Engineers’ Council 
for Professional Development, which, 
representing some eight engineering or. 
ganizations, aims at the advancement of 
the profession of engineering. The Foun. 
dation has supported engineering research 
and investigations in such fields as: arch 
dams for power development, arch and 
column design, thermal properties of 
steam, stability of steels as affected by 
temperature, plastic flow of metals, cotton 
seed processing, dielectrics and power 
cable insulation and many other fields, 

“In the selection of research projects to 
be supported, preference has been given 
to those of a more fundamental nature 
which would not be undertaken by an 
industrial research organization,” Dr 
Kinzel stated. ‘‘Where projects are of 
interest to a group of industries the Foun 
dation has provided a limited financial 
support and a sponsorship intended to 
enable the principal support of the project 
to be secured from interested industries 
and other sources. Opportunities for 
productive research are constantly in 
creasing in number and scope. The 
Foundation offers a well-recognized and 
responsible channel for the fruitful expen 
diture of gifts and bequests, the incom 
from which can be used to aid carefully 
chosen research projects.” 


METALLIZING NEWS 


The importance of metallizing as 4 
maintenance tool is stressed in the October 
1947, METCO News, published by Metal 
lizing Engineering Co., Inc., Long Island 
City, New York, makers of the equipmen! 
Articles from users give details of how | 
do it. The heavy-duty metallizing gu" 
are shown in quick applications of stainles 
steel on a 20'/.-in. diam. hydraulic press 
ram, a 42-in. diam. steam dryer roll and 4 


Buy “Proven Fluxes” with Years of 
Guaranteed Satisfaction behind them 


Aluminum; 
Paste Flux. 


The Trade-Name is “ANTI-BORAX” 
Ask for Them 


A Flux for every metal: 4 
No. 1; Brazing Flux No. 2; Braz-Cast Flux No. 

for bronze-welding cast iron; f 
Flux No. 8 for sheet Aluminum and all alloys ° 
Stainless Steel Flux No. 9%; 
Selder Brazing Flux No. 10; No. 16 Silver 


ANTI-BORAX COMPOUND COMPANY 
Fort Wayne, Indiana 


Unequalled for Quality 

Cast Iron Welding Flux 
“ABC” Aluminum 
Silver 
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Welding 3% feet of 36” dia. pipe 
every minute! 


These Berkeley 3-C Continuous Longitudinal Seam 
Welders are welding 5/16” thick, 36” diameter steel 
pipe at the rate of 3'/» feet per minute at the Basalt 
Rock Co. plant, Napa, California. The pipe is to be 
used on the Conn Dam project. 


“Berkeleys” were chosen for this job because they 
have repeatedly demonstrated their superior per- 
formance and efficiency in other large-scale pipe 
making project. Welding the longitudinal seams on 
30 ft. sections of large diameter pipe in less than 
9 minutes is not unusual for the 3-C “Berkeley.” 
Other Berkeley Mills have comparable performance 


records in welding the seams of preformed tubes 
5" to 36” in diameter. 

A Berkeley Long Line Feeder is used to facilitate 
feeding the heavy cumbersome rolled sections to 
the loading end of the mill. The conveyor (seen at 
the forward end of the mill) carries the welded pipe 
'0 succeeding operations in an uninterrupted flow to 
the shipping dock (lower picture). 


If your product requires seam welding of any tubular 
shape from 5” to 36” in diameter it will pay you to 


investigate the time and cost-saving advantages of a 
Berkeley.” 


DANVILLE 


Other Penn Tool & Machine Co. welding jigs and fixtures are solving 
production welding problems for every type of industry . . . they are 
reducing production time and costs wherever they work. 


The design and manufacture of welding jigs and fixtures has been 
our business for many years. 


Our engineering skill, experience and modern plant facilities are af 
your service. 


An affiliate of THE BERKELEY EQUIPMENT CO. 
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108-in. diam. crepeing machine drum; 
bronze on a 16-in. diam. press roll and 
0:25 carbon steel on a 28'/2-in. diam. print- 
ing press cylinder. The hand gun, which 
is also mountable in a toolpost holder, is 
shown reclaiming a 3-in. diam. propeller 
shaft bearing surface, 20*/s-in. diam. 
sterntube liners for an ice breaker and 
supply ship, a 9'/2-in. diam. piston rod for 
a double-action Diesel engine in an Army 
transport vessel, the 5/s-in. pulley end of a 
fractional horsepower motor shaft and on 
hot oil pump rods, a 125-ton capacity 
ammonia compressor crankshaft and a 16- 
valve plunger filler tank used in filling 
soup cans. A ‘Technical Talk” aiso 
describes the new Sprayweld hard-facing 
method. 


RIVER TOWBOATS 


Dravo Corp. has begun work to dis- 
mantle two LSM’s at its Neville Island, 
Pittsburgh, shipyard. The two vessels, 
purchased from the Maritime Commission, 
will furnish scarce materials and equip- 
ment to be used in the construction of new 
high-powered river towboats. 

One of these towboats to be fitted with 
equipment from the first LSM has been 
ordered by the Mississippi Valley Barge 
Line Co., St. Louis, and will -be used in 
general towing service on the Mississippi 
River System. This new vessel will be 
176 x 40 x 11 ft. and will be equipped with 
Kort Nozzles for increased propulsion 
efficiency. The use of Kort Nozzles, 
coupled with design and mechanical im- 
provements, will enable the boat to de- 
liver 55,000 lb. push at a towing speed of 
7 mph. while developing 2500 hp. The 
keel will be laid late this fall and delivery 
is expected to be made next spring. 

The U. S. Navy’s fleet of LSM’s per- 
formed valuable landing operations in 
both the European and Pacific invasions. 
During World War II Dravo Corp. built 
the first type of combat ship at its Wil- 
mington, Del., shipyard, which was 
followed by 64 more of these important 
craft. Dravo also built the first LST, as 
the leading yard in this major landing 
ship program, at its Neville Island, Pitts- 
burgh shipyard and launched a total of 
150 of these ‘“‘Mother”’ ships. 


The return of the LSM’s to Dravo’s 
yard marks the completion of their war 
service as vital parts of their equipment 
now begin a new phase of peacetime ser- 


vice on the inland waterways of America. * 


WELDED PLATE BUGGIES SAVE TIME 
ON TANK CONSTRUCTION 
By Max Alth* 


By using “plate buggies’ that were 
fabricated in their own shop, the Crown 
Tank Co., Bronx, N.Y., is saving a great 
deal of time and reducing costs in con- 
structing a number of syrup storage tanks 
for Refined Syrups and Sugars Co., Yon- 
kers, N. Y. 

The “‘plate buggies”’ illustrated were de- 
signed and built by Paul Neal of The 
Crown Tank Co. They were specially 
built for tank erecting jobs where space 
does not permit the use of a crane, how- 
ever, they have proved to be such time 
savers that they are now being used in 
great numbers in the east. 

The tank in the photograph will hold 
approximately 250,000 gal. of liquid sugar 
when completed. It is constructed of 
butt-welded three-eighths curved steel 
plate with but a single vertical support in 
the center of the tank. This pillar sup- 
ports the top by means of channels ex- 


tending spoke fashion from the single pil. 
lar tothe sides. The tank will take about 
4 wk. tocomplete with a crew of from three 
to seven men, working a regular 4(-hr, 
week. 

The “plate buggies’’ consist of two 
wheels so placed and grooved that they 
ride the top edge of a steel plate. The 
wheels are held by plate formed into a 
deep U that curves around the plate that 
the wheels ride. This U has asmall wheel 
on each end to keep it centered and to re. 
duce friction. On the inside of the buggy 
there is a small step that holds the plate to 
be positioned. On the outside of the buggy 
there is an upright arm that holds the 
plate erect for welding. 

One advantage of the buggies is that a 
simple gin pole may be erected to raise the 
plates the proper height. The first shell 
strake is welded to the bottom or floor of 
the tank and then the second shell strake is 
hoisted plate by plate to the buggies and 
rolled by hand to their proper place for 
welding. 

For example, the first plate of the 
second strake is lifted by means of the gin 
pole and a hoisting engine to the buggies 
which are set atop the first strake. The 
plate is then unfastened from the tackle 
and rolled on the buggies to the opposite 
side where it is tack welded into place. 
Then the second plate is hoisted on to the 
buggies and rolled around so that it butts 
the first plate that has been welded into 
place. The buggy nearest the first plate 
is rolled slightly back toward the center of 
second plate. This allows the second 
plate to fall into position for tack welding 
to the first plate. Then one buggy is re- 
moved from beneath the plate and the 
other buggy is moved clear to the far end 
This allows the plate to drop into position 
for tack welding the bottom of the plate 
The plate is then butt welded to the ad- 
joining plates and the buggies are returned 
to the position below the gin pole to receive 
another plate. 

There is a great saving in operating 
cost when a gin pole is used instead of a 
crane. Also, it is much easier to align 4 
plate on buggies than it is to align a plate 
dangling from the end of a cable. 


* The Hobart Brothers Co., Troy, Ohio. 


cycle. 


Room 1108 
75 West St. 


PRESS WELDER WANTED 


250 KVA, 75 KVA, or 30 KVA Press 
type resistance welder 440 volt, 60 
Hydraulic operation pre- 
ferred but any type considered. 
State make, condition, lowest price. 


R. & M. COMPANY 


New York 6, N. Y. 


WELDING SPECIALISTS 


WESTINGHOUSE needs Welding Sales Engi- 
neers for openings in principal district offices. 
Must be familiar with all types of electric weld- 
ing equipment and have actual sales expe” 
ence. For application write: Manager, Techn 
cal Employment, Westinghouse Electric CorP., 
306 Fourth Avenue, Pittsburgh, Pennsylvania. 
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When a product is first choice consistently 
—year after year—with thousands of sat- 
isfied users—it must be a product of un- 
usual merit. Sureweld users say Sureweld 
electrodes rate ace-high with them because 
ance”. 

Regardless of job to be done, they say, 
Sureweld electrodes rank tops for bead ap- 
pearance, speed and easy operation, ease 
of slag removal and amazingly low spatter 
loss. They say, “Sure, Sureweld does it 
better, faster, easier—every time’’. 

It’s not at all surprising that Sureweld 
tods have a reputation for consistently su- 
perior performance. They’re produced by 
one of the world’s largest and most effi- 
cient electrode manufacturing plants. The 
high-speed, high-precision equipment that 
makes them has no counterpart in the in- 
dustry. And four separate and complete 
laboratories safeguard their unvarying 
high quality. 

Yes, 30 years of growing up with both 
fame and electric arc welding, authenti- 
cate every characteristic of Sureweld elec- 
trodes, And this same broad experience 
“an be brought to bear on your welding 
problems by sage, seasoned NCG techni- 
cal counsel. It’s’yours for the asking. 

Next time—To be sure, say Sureweld! 
Quick, fresh supply for you is insured from 
‘vast network of hundreds of independ- 
*at NOG distributors and warehouse stocks. 


NATIONAL CYLINDER GAS COMPANY 


HOLLUP DIVISION 
North Michigan Avenue, Chicago 11, Illinois 


(Copyright 1947 by National Cylinder Gas Company) 


of Sureweld’s “reliably uniform perform- 


wrong... 


EVERYTHING FOR WELDING 


NCG is recognized as one of the 
largest organizations of its kind in 
the world. It operates 73 manufac- 
turing plants within the United States, 
offers supply and service by a vast 
network of hundreds of independent 
NCG distributors and warehouse 
stocks. For assured satisfaction in 
your welding and cutting needs... . 


RELY ON NCG 
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AMERICAN WELDING SOCIETY 
MEMBERS WIN LINCOLN 
FOUNDATION AWARDS 


J. E. Candlin, Jr., 39, co-author of the 
paper winning the third Railroad Classifi- 
cational Award of $1700, lives at .11317 
Emerald Ave., Chicago, Ill. He has been 
associated with the Pullman-Standard 
Car Manufacturing Co. of Chicago for 20 
yr. and is Assistant to the Chief Engineer 
in charge of research and development 
work in engineering, laboratory and stress 
analysis for freight cars, passenger cars 
and transit equipment. He is especially 
interested in light weight, welded, trans- 
portation equipment. 

He took a four-year course at Armour 
Institute in Chemical Engineering and 
graduated in 1928. He is a member of 
the Western Railway Club, the AMERICAN 
WELDING Society, A.S.T.M. and the 
S.E.S.A. 

Mr. Candlin is married and has two 
daughters and one son. His favorite 
hobbies are sports, inventing and cards. 

In the $200,000 Industrial Award Pro- 
gram sponsored by the Foundation in 
1942, Mr. Candlin in collaboration with 
Arthur M. Unger, won the first Classifi- 
cational Award of $3700 in the Railroad 
Division. 


* * * 


James T. Lewis 


James T. Lewis, Jr., 41, author of the 
paper winning the first Welderies Classifi- 
cational Award of $3200, lives on Russell 
Rd., Chagrin Falls, Ohio. He is President 
and General Manager of the Lewis Weld- 
ing & Engineering Corp. which he organ- 
ized in 1938. He was formerly Assistant 
Works Manager of the Cleveland Crane & 
Engineering Co. at Wickliffe, Ohio. 

Mr. Lewis attended Cornell University 
and was graduated from there in 1927 asa 
Mechanical Engineer. He is a Licensed 
Professional Engineer in the State of Ohio 
and is a member of the AMERICAN WELD- 
ING SOCIETY. 

He served four years in World War II 
in the European Theatre of Operations. 
He was a Lieutenant Colonel in the Ord- 
nance Department and was awarded the 
Bronze Star Medal and five Battle Par- 
ticipation Stars. 


James T. Lewis 


Mr. Lewis is married and has one son, 
James T. Lewis IV, age six. 

In the 1938 Industrial Program spon- 
sored by the Foundation, Mr. Lewis won 
an award of $712.28 in the Functional 
Machinery Classification (Jigs & Fixtures). 


* 


Robert H. Macy 


Robert H. Macy, 36, author of the paper 
winning the second Railroad Classifica- 
tional Award of $2000, is married and 
lives at 1638 Washington Ave., Pasca- 
goula, Miss. He is Chief of the Locomo- 
tive Division and Assistant to the Presi- 
dent of The Ingalls Shipbuilding Corp. 
and has been with the firm for 6 yr. He 
formerly worked as a Naval Architect for 
the United States Coast Guard in Wash- 
ington, D. C., and was associated for some 
time with the Hull Technical Department 
of the Newport News Shipbuilding & Dry 
Dock Co. 

Mr. Macy was graduated from the 
Massachusetts Institute of Technology in 
1933 with a Bachelor of Science degree. 
He is a member of the Southern & South- 
western Railway Club, the AMERICAN 


Society and the Society ¢ 
Naval Architects and Marine Engineers, 

While he was associated with the Ney. 
port News Shipbuilding & Dry Dock Co, 
he entered a paper in the Industrial Awarj 
Program sponsored by the Foundation iy 
1938. His paper was awarded the fourth 
Main Award in the Watercraft Divisic, 
in that Program. 


* * 


A. F. Meyer 


Arnold F. Meyer, 37, author of the paper 
which won the third Containers Classif. 
cational Award of $1700, lives at ig 
Rocky Point, Pewaukee, Wis. He ha 
been with The Heil Co. of Milwaukee for 
15 yr. and is Chief Engineer doing adminis. 
trative work on product design. 

Mr. Meyer attended the University of 
Wisconsin from which he was graduated 
in 1931 with a Bachelor of Science degre 
His fraternities are Kappa Sigma and Tau 
Beta Pi and he is 4 member of the Amezi- 
CAN WELDING Society and the American 
Society of Mechanical Engineers. Mr 
Meyer is a director of the Milwaukee 
Chapter of the AMERICAN WELDING 
Society. 

He is married and has three daughters 
age 16, 12 and 5 and one son who is 3 yr, 
old. 


H. T. Monson 


Hugh T. Monson, 33, author of the 
paper winning the fourth Welderies Clas- 
sificational Award of $1050, lives at 1408 
226th St., Euclid, Ohio. He is Chief 
Industrial Engineer with The Euclid 
Road Machinery Co. and has been with 
the firm for 11 yr. The Industrial Eng 
neering Dept., under his direction, provides 
the company with all the facilities required 
for manufacturing, that is, buildings, 
machinery and equipment, tooling, meth 
ods procedures and standards. 

Mr. Monson attended the Case Inst 
tute of Technology and received bi 
Bachelor of Science degree in Mechanical 
Engineering in 1936. He is a Professional 
Engineer registered in the State of Ohio 
and is a member of the AMERICAN WBLD 
ING Society and the American Society d 
Tool Engineers. 
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TIP CLEANING DRILLS 


LARGE STOCK 


Mounted in Knurled 
BRASS Handles 
* 


PROMPT DELIVERY 


DISTRIBUTORS WANTED 
NEW MEXICO STEEL CO. 


Box 691, Albuquerque, N. M. ’ 


779 South 13th St. 
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SPOT WELDERS! 


TRANSFORMERS! 

For Furnaces, Lighting, Distribution, Power, Auto 

Phase Changing Welding, and Special Jobs. 
AIR OIL, and WATER COOLED. 

CHARLES EISLER 

EISLER ENGINEERING CO., INC. 


OF ALL TYPES 
SIZES 1/4 TO 300 KVA. 
FOR MANUAL, AiR, MOTOR, 
OR ELECTRONIC OPERAIION 
7 also BUTT, ARC, and 
GUN WELDERS 


TRANSFORMERS 


Sizes 1/4 to 300 KVA. 


(Neer Avon Ave.) NEWARK 3, N. J+, USA 
DECEMBER 
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THESE ADVANTAGES — 


1. Accurate timing is pro- 
e of Ohio vided by D. C. timin§ circuits 
which operate on closely regu- 
Societ d x lated bias and timing voltages to 

ety comperisate for wide variations 
‘* in power supply voltage. 


E 2. Control units readily acces- 
sible. 


Be 3. Modern appearance — 
KVA. me ‘smooth exterior with no pro- 
 jections, knobs or handles. 
PERA WS 4. Timing dials graduated in aa 
© cycles for each frequency (60, La? 

50 and 25 cycles per second). Pa 
5. Easy to install on welder. 


f 


New Bulletin 10.213 tells all about 
new non-synchronous co- 
ordinated controls for resistance 


welders. Your copy mailed prompt! 


ADVERTISING 


By using T-W welders 
and controls, the com- 
plete responsibility is 
placed with one manu- 
facturer, not only for 
the initial installation 
but also for service and 
renewal parts. 


These controls, devel- 
oped by Taylor-Win- 
field, can be used with 
foot, air, motor and hy- 
draulically operated 
spot, projection, butt 
and seam resistance 
welders. 


Now you can obtain,a complete resistance welding 
installation from one of the oldest manufacturers of 
resistance welders . . . Taylor-Winfield. 

One package means better all-around production 
performance from your resistance welders. We know 
how controls should be made to assure high speed, 
consistent welds. We know, too, what you want in 
controls for high speed resistance welding operation. 

These new T-W controls are the answer. 


THE TAYLOR-WINFIELD CORPORATION 
WARREN © OHIO 


hyo S OR- WINFIELD 
FOR RESISTANCE WELDERS 
’ 
4 
> 
+ 
KVA. 
j 
3 

CEM 
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He is married and has one daughter 9 
mo. old. He is interested in reading, 
‘traveling and photography. 


* * * 


G. S. Schaller 


Gilbert S. Schaller, 52, author of the 
paper winning the fourth Commercial 
Welding Classificational Award of $1300, 
lives at 7703—14th Ave., N. E., Seattle, 
Wash. He is Professor of Mechanical 
Engineering at the University of Washing- 
ton and acts as Consulting Engineer for 
the Allied Weldery, Inc., Coeur d’Alene. 
He was with industry before going to the 
University and is interested in industrial 
problems especially in metals. 

Professor Schaller graduated from the 
University of Illinois with a Bachelor of 
Science degree in Mechanical Engineering 
and received his Master’s degree from the 
University of Washington. His frater- 
nities are Chi Phi, Tau Beta Pi and Sigma 
Xi. He belongs to the AMERICAN WELD- 
ING Society, American Federation of 
Arts, American Society of Metals and the 
American Association of University Pro- 
fessors. Professor Schaller has been very 
active in these organizations having been 
twice chairman of the Puget Sound Section 
of the AMERICAN WELDING Socrety and 
Vice-President elect of the 7th District. 

He served in the first World War and is 
a member of the American Legion, Univer- 
sity Post No. 11. 

Professor Schaller is married and has 
two sons, John Oren and Gilbert Kern, who 
both served in World War II. 


* * 


H. P. Schane 


Harry P. Schane, 43, co-author of the 
paper winning the first Research and 
Education Classificational Award of $3200 
lives at 141 Georgetown Ave., West View, 
Pa. He is with the Mellon Institute in 
Pittsburgh as a Technician specializing in 
research and development of new welding 
techniques and welding processes for 
ferrous and nonferrous materials. He was 
formerly a Welding Supervisor for the 
Pittsburgh Works of the Allis-Chalmers 
Corp. 

Mr. Schane studied engineering in Night 
School at the Carnegie Institute for 6 yr. 


Harry P. Schane 


He is a member of the AMERICAN WELD- 
ING Society and served as Chairman of the 
local Section for a year and was on the 
Executive Committee for 6 yr. 
He is married and has two boys. 
* 


Arthur M. Unger 


Arthur M. Unger, 40, author of the 
paper winning the fourth Railroad Clas- 
sificational Award of $1300, lives at 8137 
S. Jeffery St., Chicago, Ill. He has been 
with the Pullman-Standard Car Manufac- 
turing Co. for 12 yr. and is Chief Welding 
Engineer in charge of welding engineering 
activities including development and weld- 
ing research, and selecting and setting up 
welding equipment. From 1929 through 
1934, he was a Design Engineer on welding 
equipment with the Westinghouse Electric 
Manufacturing Corp. 

Mr. Unger attended the University of 
Colorado where he graduated in 1929 with 
honors and a Bachelor of Science degree 
in Electrical Engineering. His frater- 
nities are Tau Beta Pi and Etta Kappa Nu. 
He is a member of the American Institute 
of Electrical Engineers and the AMERICAN 
WELDING Society. During 1941-42, he 
was Chairman of the Chicago Section of 
the AMERICAN WELDING Socrety and at 


for welded assembly 
parts to be w 
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G. D. Peters Company 
Montreal 2, Canada 


WELDING CONNECTORS 
Saxe System Welded Connection Units 
Saxe Units Bigee, in position and securely hold together structural 


used in many welded structures they eliminate all hole punch- 
ine producing an economical, rigid, safe and quickly erected structural 
rame. 


Write for descriptive literature 


J. H. Williams & Company 
Buffalo 7, New York 


Canadian Representatives 


plies. 
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the present time is a representative of tha 
Society on the Chicago Technical Soci. 
ties Council. 

He is married and has three daughter; 
His hobbies are photography and gene. 
logical research. 

In the $200,000 Industrial Award Pro. 
gram sponsored by the Foundation jy 
1942, Mr. Unger in collaboration wit 
J. E. Candlin, Jr., won the first Classif 
cational Award of $3700, in the Railroad 
Division. 


RECLAIMING REFRIGERATOR CARS By 
WELDING 


The operator is salvaging a refrigerator 
car end by horizontally patching the cor 
roded bottom section by means of electri 
are welding. Although this meat refriger 
ator car is only 10 yr. old, the salt ‘bring 
from the hole in the end bunkers causes the 


steel to corrode. 
entire end of the car, this patching proces 
has become standard practice. Airco 
90 electrodes are being used. 


Rather than replace th 


WANTED 


SALESMEN--DEMONSTRATORS 


. . . for established line of welding sup- 
Salary plus commission makes 
good opportunity to earn $600 month. To 
qualify, applicants must have experience 
in welding business either as salesmen 0! 
as servicemen. 
stating age, education, and experience, 
enclose photograph. 
know of this ad. Box V-217. 


Reply in confidence, 


salesmen 


Our 
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in Resistance Welding— 
THINK IN TERMS OF 
“THREE-PHASE”’ 


to the indiona & Michigan Electric Company! A new 
customer required a 250 KVA resistance welding load—a lead which 
would overiax their 4 KV distribution system in that area. Instead 
of not accepting the load, the power company suggested the instal- 
lation of a Sciaky “THREE-PHASE” welder. They then made a thorough 
test, complete with oscillographs. They sew for themselves that the 
“THREE-PHASE” machine produced the necessary welding heat with 
Y, the KVA demand and 4 the line current required by a single phase 
welder. Further, the "THREE-PHASE" welder eperated on a balanced 
three phase load at neor unity power factor. 


Result: The power company wes able te gain a customer—the 
meanvfacturer was able to gain greater welding efficiency without 
adding expensive power distribution equipment. 


e 
Peration op elder t Re 


s an 


If you have a resistance welding power problem, find 
out about this exclusive Sciaky development. There is a 
complete line of standard machines to meet your every 
requirement. Investigate ""THREE-PHASE” ....°... 


Write for descriptive bulletins 136 and 137 


SCIAKY BROS., Inc. 
4925 W. 67th St., Chicago 38, III. 


ADVERTISING 


that 
i 
iters ‘ 
Pro. > 
min 
assifi 
ree 
| 
The rntent. of Your letter dateg January 13, 
88rding the Principe. and. sPeration or Your thre. Phac 
Was New to US tn Spot "elding ©9U4 pmep 
doubteg these 8lmo s¢ Claim, 
£0 se, for the PoWer “=CRhing in 
actus °Sc1y 8rans during its 
The Stes ang table Show tp, Tesults of 
§ these tests, and in Our “clusion: We Your three Phase Spot 
Welder does COme Close to the idea) Ype of 8S its 
| demang is lowe> than e types (sing). 
Phass Wi pmen 8nd {ts drawing, or three Phase balance, Powe, at a 
PQWer factor. We mould, Prefep three Phase “elder, 
to Sing7e Phase Zach 8nd in Our ttatts, of WO 
Your in fatrnes. to ou» like to be able 
to ON as to the life, and 
m "Elders Your Comments or wi] 
| 
) 
Kes 
To 
| OF 
nen 


WELDED BARGE 


Greater carrying capacity and~ lower 
maintenance costs are cited by Pennsyl- 
vania’s largest producer and distributor of 
sand and gravel, the Warner Co. of Phila- 

_ delphia, as the principal advantages of all- 
steel barges in the firm’s Delaware River 
transportation fleet. Since 1923, the com- 
pany has been replacing its wooden barges 
with steel barges virtually “tailor-made” 
for Warner’s large-scale aggregate delivery 
system, from sand and gravel deposits to 
all principal cities of the Delaware River 
Valley. 

The present Warner fleet consists of 37 
all-steel, 1000-ton flush-deck barges, de- 
signed and built by Dravo Corp., Pitts- 


burgh, in collaboration with Warner 
engineers; three smaller (700-ton) steel 


barges constructed several years ago, and 
27 wooden barges of varying capacity, 
ranging from 600 to 750 tons. Seven 
welded steel barges for the river fleet were 
delivered to Warner Co., by Dravo Corp. 
this year, and two steel hopper-type barges 
for dredging operations are under construc- 
tion. 

The really important advantage of using 
all-steel barges is less lost time for repairs 
and lower cost for maintenance, Warner 
officials declare. 

Wooden barges are in the drydock for 
repairs almost continuously. Extremely 
vulnerable to damage from collision with 
wharves or other craft and from crane un- 
loaders, decks and sideboards on wooden 
barges often must be renewed. Caulking 
is a frequent chore. Some wooden barges 
added to the fleet in 1926 and 1927 today 


Fig. 1—Protile View of One of the Welded Steel Sand and Gravel Barges ‘'Tailor- 
Made” by Dravo Corp. for Warner Co.'s Sand and Gravel Operations.in the Delaware 


River Valley. Thirty-Seven of These 


Barges Have Replaced Wooden Barges in 


Warner's Fleet. They Are Streamlined Craft, Designed for Efficient Towing 


Fig. 2—Two Steel, 1000-Ton Barges, Built by Dravo for Warner, Are Shown Here— 


One Loaded and the Other Light. 


De-watering Ports in the Cargo Box Permits 


Delivery of ‘“‘Dry’’ Loads. Drainage During the 28-Mile Delaware River Trip from 
Warner's Huge Aggregate Deposits to the Firm's Philadelphia Distribution Yards, 
Amounts to 4 or 5% of the Gross Weight 


are beyond further patching to make they 


seaworthy. Some wooden barges éyg 


were equipped with steel decks and sig. 
boards. 

The first all-steel barge acquired by 
the company—in 1923—is still Operating 
= 24 yr. of service and, officials say 

“good as new.” 

The welded steel barges in Warner's 
fleet are of a “streamlined” design 
corners are smoothly rounded and reip. 
forced. This enables a barge to skid away 
from docks or other barges. Sharp 
protruding corners could rip holes jy 
wharves and other craft. Welded coy 
struction results in easier and _ stronger 
fabrication of ‘‘streamline”’ shaped plate: 
Warner Co. was one of the first to pur. 
chase an all-welded steel barge after Drayo 
Corp. inaugurated this type of construc. 
tion in 1929. Previously, steel barges 
were riveted. 

Dravo-built barges in the Warner fleet 
are 130 x 34 x 10-ft. in size. Experience 
with swinging limits of unloading cranes 
led the company to adopt this size 
standard. Standardization of barge siz 
in a fleet is important, according to the 
company’s-engineers, because of the ea 
with which barges of equal dimension and 
shape can be “‘nested” in a tow. Car 
boxes on all-steel barges have a larg 
number of drainage ports so that loads c 
be delivered as dry as possible. 

Another unique feature of the all-ste 
barges is the shape of the fore and aft en 
of the cargo box. A “half-octagon’’ 
facilitates unloading by crane bucket 
which can be positioned in any corner 4 
the cargo*box. Damage to sidewalls 
unloading buckets is minimized throug 
the use of heavy reinforced steel shiel 
which extend around the top perimeter 
the framing. The bottom of the carg 
box—the barge deck—is of heavy stet 
plate reinforced by closely spaced longi! 
dinal framing to withstand constant pou! 
ing of unloading buckets. 

Use of all-steel barges has enabled thf 
company to operate on the Delaware R\v 
on a year-round basis without risking set 
ous damage to equipment because ol 
conditions during the winter 
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BOUND VOLUMES 


We have received requests [0 
copies of the Bound Volumes © 
THE WELDING JOURNAL ! 
the years 1922 to and _ including 
1929, 1936, 1989, 1942 and 194 
If any members have copies “! 
these volumes, the Society wil 
pay them $5.00 each upon rece!P 
of same. 
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cornes MALLORY WATER-COOLED OFFSET ELECTRODES 
ewalls bj 
el shiel ANY unusual jobs can be resistance welded more economically with the new Mallory offset, Water- 
rimeter 0 Cooled Electrodes. The four standard nose shapes shown are available in Elkaloy¢ A, or Mallory 3 
ihe oa metal, with brass water tube bent in place, formed to offset any length to meet your specific requirements. 
avy ste 
d longit 
pou! SPECIFICATION DATA 
abled thf 1. Amount of offset center line to center line can be varied from 16“ to a recommerded maximum of 1*%". 
vare Riv 
sking sert 2. More economical since they are bent from standard stocked electrodes in #1 and #2 Morse taners. 
3. Give better welding life due to the bringing of essential cooling water right to the welding face. 
4. Can be supplied with or without brass water tube. Brass tube replaces the standard sliding water tube 
found in all Mallory holders. All electrodes supplied with .245” diameter tubes extending 2” from 
ie bottom of electrode unless otherwise specified. 
AL f Send in your requirements. We will welcome the opportunity to supply samples and prices. We will 
cluding gladly mail you a bulletin giving all dimensions on standard offset electrodes bent from standard Mallory 


electrodes. Write for it today. 


In the United Kingdom, made and sold by MALLORY METALLURGICAL PRODUCTS, 


eee *Mallory Patent Pending on LTD. (An Associate Company of Joh . Matthey & Co., Limited, Hatton Garden, London, E.C.1 
Water Cooling Tubes bent in 
place. P. R. MALLORY & CO., INC., INDIANAPOLIS 6, INDIANA 


tReg. U.S. Pat. Off. 
| 


MALLORY @ CO. inc. ELECTRODES — HOLDERS —SPECIAL DIES AND 
FIXTURES —ELKONITE*—ALLOY ROD AND BAR 
STOCK — FORGINGS — CASTINGS + ACCESSORIES 


*REG. U.S. PAT. OFF. 
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AUTOMATIC WELDERS INCREASE 
TRAILER BODY OUTPUT 


A 500% increase in output and reduced 
manufacturing costs together with more 
uniform workmanship and higher weld 
quality is claimed by Steel Products 
Co., Inc., Savannah, Ga., using the lat- 
est-type resistance welding equipment 
for the manufacutre of its ‘‘Great Dane”’ 
truck trailers. This welding equipment— 
designed and supplied by Progressive 
Welder Co. of Detroit—includes a seam 
welder with 32-ft. table (Fig. 1) for fabri- 
cating side and roof panels from corru- 


gated strip steel; an indexing and tra- 
veling spot welder with 32-ft. table (Fig. 2) 
for welding side and roof panels to the 
frame members; and two standard “‘push 
guns’’ for completing the simplified final 
assembly of trailer bodies from the fabri- 
cated panels, and two special push guns 
for fabricating the trailer frame. 

Large side and roof panels for the trailer 
bodies are fabricated from narrower widths 
of corrugated strip steel on the seam wel- 
der with its 32-ft. table (Fig. 1). Welding 
speed is 20 ft. per minute. Two sections 
of strip 30 ft. long can be welded together 
in a total time of about 4 min. Rein- 


forcing frame members are spot welded ty 
the completed panels on the spot welde 
with its traveling table. This machine 
makes 4 welds at a time, is capable of 
making 250 spot welds per minute and wij 
assemble the average Great Dane body 
side in 20 min. 

Operation of these two machines j 
almost completely automatic, although 
adjustable stops permit production of all 
different size panels. The only manual 
operations required are (1) supply ma. 
chines with stock; (2) removing finished 
assemblies. 


Fig. 1—Close-up View of Seam Welder Showing Welding Head, 
Positioning Rollers and Part of the 32-Ft. Self-Feeding Table Used 
to Fabricate Great Dane Trailer Side and Roof Panels from Strip 


Fig. 2—Close-up of Projection Spot Welder Showing the Controls 

Four Spot Welds Are Made at the Same Instant, Then the Welder 

Tips Move Across the Assembly to a New Position, Making Another 

Set of Welds. Action Is Very Rapid and Precise. The Table 
Travel Is Air Operated 


Steel. The Head Is Water-Cooled, the Water Falling Into the Pan 


Shown Below the Sheet Being Welded 


Statement of the Ownership, Management, Circulation, etc. 


REQUIRED By THE AcTs OF CONGRESS OF AUGUST 24, 1912, AS AMENDED BY THE AcTs oF MarcH# 3, 1933, AND 
Jury 2, 1946 

or THE WELDING JouURNAL, published monthly at Easton, Pa., for American Welding Society, 33 W. 39th St., New York 15, N. Y. 
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1. That the names and addresses of the publisher, editor, person or corporation for whom such trustee is acting, at 
managing editor, and business managers are: also that the said two paragraphs contain statements — . 
Name of Post Office Address  affiant’s full knowledge and belief as to the circumstances “ “ 
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Controls 
Welder You've probably wished someone would present . . . in 
bg simple, convenient form . . . the complete list of Inco 


Welding Materials, together with the job that each 
one will do. 


The booklet shown above gives you exactly that in- 
formation. 


33, AND Here, for example, is what Inco electrode to use 

when joining cast iron to steel, or to Monel* or Nickel. | 
3 N.Y. You'll find tables which tell the proper electrodes to 
, Barret 


select when joining many similar and dissimilar ma- 
terials. 

. There’s also a section on making overlays... and one 
ghee on joining clad steels. 
are none, As a further help, you'll find recommended amper- 
ages for each electrode. 


If you’re a gas welder, there’s a section that deals 

cs apient with the wires and fluxes to use when gas welding 

the Monel, Inconel*, Nickel, and steel. 

comp 

ne of the Listed also are the INco wires to use for submerged THE INTERNATIONAL NICKEL COMPANY, INC. | 

| Lae melt welding of Monel, Nickel, and Inconel. 67 Wall St., New York 5, N. Y. | 

s and - Send for this booklet today. You'll find it a conven- | cial. of your new 

ws ad lent guide to better welding . . . more economical pro- | trated booklet “Inco Welding Materials.” 

wner; and duction and repair. For free copy simply fill in and | | 

—_ Mail the attached coupon today mp | 
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You get these facts...and many more in this 
CEMBER 


NEW PRODUCTS 


The Society assumes no responsibility 
for the validity of claims in this Section 


MULTIPLE GUN WELDER 


To meet the production requirements 
of several refrigerator manufacturers, 
The Taylor-Winfield Corp., Warren, Ohio 
has developed an ultra-airspeed multiple 
gun welder for welding back panels to 
outer shells of refrigerator cabinets. It 
is simple in design, construction and oper- 
ation, considering the job it does. 


The welder is placed in a pit sothat the . 


floor level is convenient for ease of loading 
and unloading at production speeds. In 
operation, after loading, the outer and in- 
ner positioning clamps automatically ad- 
just and hold the shell and back panel. 
The large air cyiinders on the base actuate 
the toggle links which raise the whole fix- 
ture unit up aginst the closely spaced 
spring-loaded electodes which also act as 
work clamps. Three transformers serve 
double-series weld circuits which make 
four welds per impulse per transformer. 
A Geneva motion indexes the multiple 
air-operated contact cylinders which se- 
lect the electrodes that weld in groups. 

The complete operation is electrically 
sequenced. The welder illustrated welds 
the back panel to the outer shell of an 
li-cu. ft. refrigerator cabinet at the rate 
of approximately 100 cabinets per hour, 
with 120 spots tothe cabinet. This welder 
has been built to accommodate vari- 
ous other sizes of refrigerator cabinets. 


NEW CONTROL PERMITS 
ALUMINUM SPOT WELDING 


With sheet metal fabricators everywhere 
eyeing conversion to sheet aluminum, Acro 
Welder Mfg. Co., 1825 W. St. Paul Ave., 
Milwaukee 3, Wis., announces the develop- 
ment of a new low-cost sequence control 
capable of converting ordinary resistance 
welders to the production of high-strength 
spot welds in sheet aluminum and most 
nonferrous ,metals. 

Known as the Acro Aluminum Sequence 
Control, the new unit can be used with any 
type air-operated spot welder of sufficient 
capacity. Together with a new Acro air- 
operated spot welder, the new unit is avail- 
able at only one-fourth the cost of equip- 
ment normally necessary to obtain strong, 
clean welds in aluminum. It already is 
finding hundreds of applications in the 
mass production of automotive parts, 
sheet metal assemblies and a variety of 
other products. 


Acro’s Aluminum Sequence Control is 
a refinement of the well-known forge-delay 
principle. Easily installed and operated, 
it works in conjunction with standard 
transformer-type a.-c. air-operated, weld- 
ing machines, timers and contactors. The 
control’s calibrated dial-type timer is not 
affected by any line voltage change. 

The Aluminum Sequence Control pro- 
duces excellent spot welds in a variety of 
sheet aluminum alloys including strong 
welds in the widely acclaimed, economical 
aluminum utility sheet. Under severe 
test, a series of spot welds in representative 
alloys resulted in exceptional high-strength 
bonds. Several combinations of sheet 
aluminum alloys were used in the test, 
including 3SO, 52S-'/:H, 3S-'/.H, and 
24SO for total thicknesses up to 0.250 
thick. When analyzed mechanically, 
microscopically and radiographically by 
an independent testing laboratory, final 
reports on the welds indicated that all 
spots equalled or exceeded minimum 
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strength requirements and specification; 
Buttons produced were uniform in size 
high in strength, smooth in appearance. 

Only two sizes of the Sequence Contro) 
are needed to fit into the entire range of 
air-operated spot welders. Model AP-45 
attaches to 100 kva. capacity machines o; 
less, while Model AP-65 is built for ma. 
chines with rated capacities higher thay 
100 kva. Either unit will operate with 
any spot welder having a solenoid-operated 
air valve and modern timer and contactor, 
and with various combinations of elec. 
tronic and mechanical controls. 

One of the outstanding features of the 
Aluminum Sequence Control is its simple 
toggle-switch arrangement which enables 
any operator to return the spot welder 
instantaneously to regular welding. Basic 
engineering such as this is built into the 
control to increase the over-all versatility 
of the spot welder to which it is attached, 


JEEP-MOUNTED WELDER 


A new method of jeep mounting an are- 
welding generator is revealed by the Har- 
nischfeger Corp., Milwaukee. 

Working with the Milwaukee Willys 
Jeep dealer, Schwartz Motor Co., this new 
installation was planned to overcome cer- 
tain objections to direct engine coupled 
welding generators. Direct drive meant 
that the Jeep engine had to be run at a 
high speed, about 2800 rpm. for proper 
welder performance. This unde- 
sirable from the standpoint of operating 
economy. 

P&H Engineers coupled a_ standard 
P&H Model WG-200 welding generator 
to the rear power take-off. Pulleys of the 
proper ratio permit the Jeep engine to 
operate at approximatly 1500 rpm. This 
speed also enables the welding generator 
to operate at peak efficiency over its 
welding range, from minimum to max! 
mum. V-belts are used in the hookup. 

The P&H welding generator is mounted 
for easy removal. Just four bolts hold it 
in place, making it quick to replace the 
generator with an air compressor as the 
need requires. Another feature of the 


rear-mounted generator is that the front 
of the jeep is left free for driver 2 
passenger. Other types of installation 
required the welder to be mounted for- 
ward next to the driver. This made me 
convenient to carry another man. Also, 
welder control was made more difficult 

The P&H Model WG-200 senerator 
provides a Welding Service Range of from 
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30 to 260 amp. and has just one heat con- 
trol for all classes of work and all types of 
electrodes. 

Further information on this jeep-moun- 
ted P&H welding generator can be ob- 
tained by writing the Harnischfeger Corp. 
Welding Div., 4400 W. National Ave., 
Milwaukee 14, Wis. 


AUTOMATIC HELIWELDING 
EQUIPMENT 


To meet the demand for equipment 
suitable for the high-speed, high-quality 
welding of the light metals such as stain- 
less steel, aluminum and magnesium the 
Air Reduction Sales Co. has announced 
that it is marketing two new Heliwelding 
units: a machine type electrode holder 
and an automatic unit. 


Machine Heliweld Holder 


The Heliweld machine holder was de- 
signed for mounting on a Radiagraph or 
or other suitable travel mechanism for 
moving along the joint or for fixed position 
use with the work moving beneath the arc. 
lt has the same barrel and rack as stand- 
ard 1*/;-in. diameter machine gas cutting 
torches, 

The Airco automatic Heliweld unit, de- 
signed for continuous operation, consists of 
‘holdef, holder carriage and a control box. 
It is fully automatic and electronically 
‘outrolled. The outstanding feature of 
this equipment is that it automatically 
maintains constant are length. By com- 
for set “up irregularities it 
Mereby assures a continuous weld of con- 
‘stent dimensions and quality. 

_ Both units havea welding current capac- 

ity of 300 am 

me high-frequency current which if often 

required for arc starting and stabilization 

Welding. 

Pres machine holder may be used with 
er a.-c. or d.-c, welding current while 


p. and are fully insulated for 


Automatic Heliweld Unit 


the automatic unit, because of the nature 
of its electronic circuits, operates on d. c. 
only. 

Although both Airco Heliweld units 
were designed for high-speed production 
work, each has its own particular applica- 
tion. Where production requirements 
and the nature of the work permits, the 
machine equipment will prove completely 
satisfactory. Where the work has inher- 
ent irregularities or where the arc length 
is particularly critical the automatic unit 
is to be used. 

The Heliweld holders supplied with both 
types of equipment are virtually identical. 
The holder is water cooled, features a 
durable all-plastic exterior and is com- 
pletely insulated for maximum protection. 
It weighs 28 oz. and is approximately 10- 
in. long. A group of orifices surrounding 
the electrode controls the flow of shielding 
gas to provide complete shielding. The gas 
cap is of a nonconducting long-lived ce- 
ramic material and as the cap end becomes 
roughened in use it may be reground, thus 
prolonging its work life. The holder 
takes tungsten or carbon electrodes up to 
i-th. diameter. 

For further information write Dept. 
1316, Air Reduction Sales Co., 60 E. 42nd 
St., New York 17, N. Y., or the Airco 
sales office nearest you. 


X-RAY DIFFRACTION ANALYSIS 


A new Norelco Geiger-Counter Fluores- 
cence Analysis Unit which utilizes a new 
X-ray diffraction technique, makes pos- 
sible rapid quantitative metal analysis, 
according to North American Philips Co., 
Inc., 100 E. 42nd St., New York City. 

Essentially, the Fluorescence Analysis 
Unit consists of an x-ray generator, a 
rotating indexing holder for four speci- 
mens, a special collimating system, a 
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crystal (usually sodium chloride), a goni- 
ometer having a scale graduated from 0 to 
90°, and a Geiger counter. Crystal and 
Geiger counter are mounted on and po- 
sitioned by arms which traverse the gonio- 
meter arc. 

The apparatus serves for determinations 
on elements ranging from atomic numbers 
20-41 when a rock salt crystal is employed. 
For elements 42-50, a calcium fluoride 
crystal may be used. 

Use of the apparatus is best explained 
by discussing a typical problem. Suppose 


it is mecessary to determine the cobalt, 


nickel and chromium content of an un- 
known alloy. A specimen of the unknown 
alloy is placed in the four-unit holder along 
with standardizing specimens containing 
known percentages of the alloying ele- 
ments, 

Let us assume that the cobalt content 
of the unknown alloy is to be determined 
first. From tables of reflection angles in 
which settings for various metals are 
listed, we find that for cobalt the Geiger 
counter should be set at the 36.8° mark 
on the goniometer scale. Next, the so- 
dium chloride crystal position is adjusted to 
one-half the Geiger counter angle or 18.4°. 


4 anit Geiger Tube —.. 
sanple 
holder X-ray beams, 
Soller slit 
(usually Ne Cl) 
system 
X-ray 


By rotating the specimen holder, readings 
are taken first on one or more of the co- 
balt standardizing samples and then on the 
unknown. By comparing the readings and 
referring to a calibration chart, the per- 
centage of cobalt may be determined. 

The technique employed with the new 
Fluorescence Analysis Unit makes avail- 
able an entirely new approach to many of 
industry’s problems of metal analysis and 
control. The X-ray method permits 
analyses to be made without destroying 
the specimens used for the purpose. This 
method also permits a rapid determination 
of the percentage of a component present 
in large or small proportions. 
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AUTOMATIC START-STOP CONTROL 
FOR D.-C. ARC WELDERS 


Designed for easy installation on any 
standard type d.-c. motor-generator welder 
the ‘‘D-V” control automatically starts 
the welder when the operator contacts 
the workpiece with the electrode. The 
control also automatically shuts off the 
welder a few moments after welding has 
stopped. An arc-time totalizer is op- 
tional equipment. 


Automatic shut-off of the machine dur- 
ing nonwelding periods results in substan- 
tial reduction in power costs, and longer 
welder life with less maintenance expense. 
Automatic starting permits the operator 
to turn on his machine without leaving his 
work. The arc-time totalizer provides 
accurate information on actual welding 
time and affords valuable data for work 
distribution, cost analysis and production 
control. 

Full informf&tion may be obtained from 
the manufacturers, D-V Welding Controls, 
3959 Piedmont Ave., Oakland 11, Calif. 


FLUX FOR GAS WELDING OF 
STAINLESS STEELS 


The Air Reduction Sales Co. has re- 
cently announced the availability of a new 
flax for the oxyacetylene welding of stain- 
less steels and high chromium bearing 
alloys. The flux has been designated as 
Airco Formula No. 34. 

The new flux was specifically com- 
pounded to dissolve the chromium oxides 
encountered in welding stainless steel and 
other high chromium bearing alloys. 
Application by painting the immediate 
and surrounding surfaces to be welded 
protects the molten metal from the air 
thus preventing oxidation. 

After extensive field trials, the new 
Airco Formula ‘No. 34 flux has proved to 


be far superior to any previous stainless _ 


steel welding flux they have put on the 
market says the manufacturer. It re- 
places the flux known as Kromeweld. 

Excellent results are sure to be obtained 
with this product simply by following the 
instructions on the label. Airco Formula 
No. 34 Stainless Steel Welding flux is im- 
mediately available in '/,-lb. and 1-lb. 
cans. 

Further information on this product can 
be obtained by writing Department 1630, 
Air Reduction Sales Co., 60 E. 42nd St., 
New York 17, N. Y., or the Airco sales 
office nearest you. 


1132 


FARM WELDER 


The U. S. Electric Welder Corp., 1258 
Dorr St., Toledo 7, Ohio, have brought out 
a new US Model 200 Farm Weider for 
operation in rural sections, particularly for 
the farm. 

One of its outstanding features is that it 
draws only 30 amp. from the power line, 
eliminating any surge, lights to flicker or 
radio interference. It has been approved 
by the principal power companies who 
serve the rural districts throughout 
America. 

The compactness of the US Model 200 
Arc Welder makes it convenient and easy 
to handle around any type of job. It mea- 
sures only 21 in. long, 14 in. wide, 22 in. 
high. It climaxes 30 yr. of experience and 
constant scientific research. 


SILVER-SOLDERING OUTFIT 


This new outfit introduced by the 
American Products Corp., 804-7 Lowell 
Bldg., Chicago 5, Ill., produces unbreak- 
able, noncorrosive, leak-proof joints ac- 
tually stronger than the metal itself. 
Includes all necessary equipment and 
materials for brazing. Compares favor- 
ably with acetylene torch brazing for 
light bench work on metals up to '/, in. 
thickness. Sells for $7.50 complete. 


The outfit includes an improved type 
alcohol torch, fuel, heat retaining chamber, 
accessories, instructions for use and a 
handy silver solder supply kit including a 
tube of superior flux paste and 100-in. 
assorted sizes silver solder wire and 1-in. 
width strip sheet. This kit which may 
also be used with an acetylene torch fs sold 
separately for $2.50. All are packed in a 
self-contained permanent case which will 
keep all of the materials together and 
available when wanted, and until used up. 
Weighs only 3 Ib. 


WELDING APPARATUS CARRYING 
CASE 


The Air Reduction Sales Co. recently 
announced the availability of an improved 
carrying case for transporting a welding or 
cutting outfit right to the job in an orderly 
and compact manner. Torch, tips, regu- 
lators, hose, gloves, goggles, wrenches and 
miscellaneous equipment can all be com- 
pactly arranged in this new case. 

The new Airco carrying case’s construc- 
tion is of 22-gage cold-rolled steel with 
flush double lock seams. Reinforced ends 
and cover are especially paneled for 
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rigidity and strength. Other features of 
the new carrying case are a ripple exterior 
finish of baked enamel; handle-equipped 
lift-off tray; extra-heavy duty bolt 
catches and a padlock hasp. 

The carrying case has a net weight of 
10'/, Ib. Its dimensions are 22 in. long, 
8 in. wide and 9 in. deep. The case retails 
for only $5.90 each and may be secured 
by writing Department 1558P, Air Re- 
duction Sales Co., 60 E. 42nd St., New 
York 17, N. Y., or the Airco sales office 
nearest you. 


HOBART A.-C. WELDER SPECIALLY 
DESIGNED FOR “HELIARC’ WELDING 


The Hobart Brothers Co., Troy, Ohio 
is announcing a new a.-c. welder especially 
designed for use with modern ‘‘Heliarc’ 
equipment as supplied by The Linde Air 
Products Co., using helium or argon for 
Inert-Gas-Shielded Welding. This equip- 
ment is being widely adopted for welding 
magnesium alloys, aluminum, stainless 
steels, high-carbon and other alloy steels 
brass, Monel, Everdur and other hard-to- 
weld metals. 

In addition to Hobart’s standard a.< 
welder features, this Model TIH-30)s 
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Soft X-Rays at an Intensity of 
1,000,000 ROENTGENS PER MINUTE! 


HE beryllium window in this new X-ray tube allows the softer com- 
ponents of the continuous X-ray spectrum to be transmitted and thus 
made available for use outside the tube. These softer components, being = Gaamam 


nore readily absorbed by any material to be treated, develop a much Wave lengths and intensities of X-rays generated at 50 kv, 

higher concentration of ionization in such material. This fact accounts for Mansmanedatiroush window of A, aluminum; B, pyrex 
glass; C, beryllium. 

he amazing intensity of 2,000,000 roentgens per minute obtainable | ; 

with this tube. The beryllium window is also of relatively large size, 

"aking it possible to treat materials in appreciable quantity. 

Researches into the effects of ionizing radiation on materials of all 
“rls can be greatly facilitated by means of this new source of high- 
Nensity soft X-rays. Many interesting experiments in bactericidal and 
Photochemical effects and chemical analysis have already been per- 
Tamed, indicating only a few of the remarkable possibilities presented 
"tthe availability of radiation of such intensity. APPLIES TO INOUSTRIAL USES ITS 
> : For complete details of this new tube, write Machlett Laboratories, 50 YEARS OF ELECTRON TUBE EXPERIENCE 
Morporated, Springdale, Connecticut. 
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embodies high-frequency stabilization to 
insure easy starting and dependable main- 
. tenance of the gas-shielded arc with prac- 
tically no rectification of the a.-c. current 
passing through it. This insures sound 
welds of clean appearance, and reduces the 
amount of current drawn from the power 
lines by the transformer. A window is 
provided through which the spark gap 
may be observed, with a door through 
which it may be reached for adjustment. 

Pressing the convenient foot pedal in- 
stantly starts the arc through the tungsten 
electrode, and simultaneously opens the 
valves permitting the shielding gas and the 
cooling water to flow through the special 
torch. Releasing the pedal breaks the 
arc—but permits gas and water to con- 
tinue flowing for a predetermined length 
of time, which is adjustable up to 180 sec. 
This delaying action protects the weld 
metal from oxidation until it has had time 
to solidify after the arc has been broken. 
A strainer in the water line ahead of the 
valve is accessible through a hinged door 
for cleaning. 


PORTABLE WELDING TORCH HOLDER 
GIVES MACHINE-FEED ACCURACY 


When welding torches are hand applied 
to metal plate cutting the result is a wob- 
bly, ragged edge. An absolutely straight 
cut is impossible. A new screw feed de- 
vice has been perfected so that grinding 
and milling of the torch-cut edges are un- 
necessary except for precision finishes. 

A Long Beach engineering firm has de- 
signed a portable straight cutter which 
holds the torch and feeds it along a straight 
line. This eliminates the human element 
of attempting to hold the torch to a 
straight line. By turning a simple geared 
crank at the end, the torch travels along a 
predetermined line and cuts through the 
metal as true as if lathe-cut. 

Known as the C&H Straight Line Cutter 
the device will hold any torch. It has an 
adjustable holder so the torch can be 
angled to cut bevel or scarf. It has a 
positive feed so that the operator can 
direct the torch along a straight line as 
slow or fast as desired. A stainless steel 
wheel rolling along the work keeps the 
torch at a uniform distance from the work. 
The torch can be instantly released. 
makes perfectly square cutoffs of plates, 
rods and bars. 


It 


This’ cutter is 5 ft. in length,:can be 
carried from job to job as it weighs only 
42 lb. and is so ruggedly built it will not 
distort or become damaged from rough 
handling. In small shops it really serves 
as a machine. The manufacturer claims 
it will save its cost on one good-sized job 
in time alone. 

A descriptive folder will be mailed upon 
request by the manufacturer, J. A. Camp- 
bell Co., 645 E. Wardlow Rd., Long 
Beach 7, Calif. 


A NEW PRODUCTION LINE PRESS 


Parker Manufacturing Co., Santa Mon- 
ica, Calif., is now making delivery on a 
new, 30-ton combination shear and press 
known as the Multi-Max Press. Me- 
chanically operated, it shears, blanks, 
notches, punches, perforates, slots, pierces, 
lances, bends and forms sheet metal parts 
in single or multiple units, with one oper- 
ator. 

It needs no special foundation, has no 
overhanging parts and requires only 36- x 
75-in. floor space. Because of its small 


compact size, it is easily picked up and 
moved in and out of the production line 
Finished parts are fabricated 


as needed. 


Portable Welding 
Torch Holder 
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right at the point of assembly in requiry 
amounts, thus saving long runs, lap 
inventories of parts, handling and stackiy 
costs and valuable floor space for storay. 
The Multi-Max is of all steel ply, 
welded construction, normalized i. 
welding to relieve all stresses. 


RESISTANCE OFFSET ELECTRODES 


Announcement is made by the P. p 
Mallory & Co., Inc., of the production of; 
new line of resistance welding offset ¢| 
trodes. They are water-cooled electrods 
with brass water cooling tubes in pls 
bent to an offset and length to fit specif 
requirements. 


MAT 


The new electrodes which are available 
in standard nose shapes, are more ‘ 
omical, since they are bent from standard 
stocked electrodes. Offset center line! 
center line can be varied in !/,-im. 5 
from '/s-in. to a recommended maxit 
of 1'/:-in. Due to bringing essential co 
ing water right to the welding face, U® 
electrodes give better welding life. I 
electrodes can be supplied with or without 
brass water tubes. Unless otherw 
specified, all electrodes are supplied ae 
0.245-in. diameter tubes extending -" 
from the bottom of the electrodes 

Samples and bulletins giving all dit , 
sions on standard offset electrode be! 
from standard Mallory electrodes 
available on request from P. Mallory & 
Co., Inc., Indianapolis 6, Ind. 


Next Annual Meeting 

American Welding Society 
Philadelphia, Pa 

Oct. 17-22 | 
If you wish to present paper | 
notify National Program Committee | 
at once giving title and short | 
description. 
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Hofper— William 

T. Cockrill and Thomas J. Duncan, in- 

ventors, Flint, Mich. (2 Claims) 

In this patent, a tubular jaw-carrying 
member with a tubular shank member ex- 
tending normally from one end thereof is 
lisclosed. The jaw-carrying member 
pivotally carries a bar which mounts a sec- 
nd jaw for movement to and from associa- 
tion with said first jaw. A spring is pro- 
vided for urging said bar in a direction to 
ring said jaws into engagement. 


HoL_pER—Johan 
Kolstad, inventor, Milton, Mass. (16 

claims 


Kolstad’s holder has a stationary con- 
tact ina metal sleeve with a plunger urged 
toward the contact for securing the elec- 
trode therebetween. Special insulator de- 

ices are positioned between the plunger 

nd its positioning members to avoid heat 
und current flow therethrough. 


“,428,138—CoMBINED ARC WELDING AND 
Toot—John H. Blakemore, 
inventor, Chicago, Ill. (5 Claims) 

The patented tool is an electrode holder 
which has a chipping hammer secured 
thereto. The hammer is insulated from 
the holder and is at a predetermined angle 
to the holder. 


2,428,16.—WeLpING EqurpMENT—Albert 
Ernest House, inventor, West Vancou- 


ver, British Columbia, Canada. (4 
Claims) 


This equipment is for welding an inside 
girth seam in a hollow body and it sup- 
ports the body for movement in the direc- 
mofthe seam. A track is secured inside 
te body adjacent the seam for supporting 
4 welding machine. 


Systzm—Charles G. 
smith, inventor, Medford, Mass., assig- 
hor to Raytheon Mfg. Co., Newton, 
Mass. (4 Claims) 

' This Patent covers an electrical system 

~- h has a storage condenser which is 

Periodically charged and discharged 

aman load cirewit including a generator 

s as sufficient rotating mass to store 
an nergy when the condenser is fully 

woe and to surrender kinetic energy to 

err, the flow of charging current to 
" condenser during the charging thereof. 
— is connected between the 

“or and condenser, and a rectifier is 


Printed copies of Patents may be obtained for 25¢ from 
the Commissioner of Patents, Washington 10, D. C 


connected between the inductance and 
condenser. 


2,428,409—-PLUNGER TYPE ELECTRODE 
Ho_peR—Everett H. Cushman, inven- 
tor, New York, N. Y., assignor to Air 
Reduction Co., Inc. (8 claims) 
Cushman’s plunger type of holder has a 
current-carrying plunger movable axially 
therein, and clamping means at one end for 
securing an electrode to the holder. The 
plunger is adapted for movement to and 
from contact with the electrode and the 
clamping means are insulated from the 
welding current when the plunger is out of 
contact with the electrode. 


2,428,849—WELDING ELECTRODE NOZZLE 

—John A. Kratz, Yonkers, N. Y., and 

Henry G. Thoma, Rutherford, N. J., in- 

ventors, assignors to The Linde Air 

Products Co. (10 Claims) 

A welding nozzle which has an electro- 
conductive body with a bore extending 
longitudinally therethrough is covered in 
the patent. An electro-conductive tip is 
provided on the body at one end thereof 
and is adjustable transversely of the body 
to press an electrode in said bore against 
the periphery thereof. 


2,429,039—IMPLEMENT FOR WELDING OR 

THE LIkKE—Samuel W. Warner, New- 

ark, N. J., inventor, assignor of one- 

half to Herman Bernstein and one-half 
to Joe Sodowick. (2 Claims) 

The patented implement is adapted to 
be employed in spot welding or similar op- 
erations and it comprises long resilient 
opposed blades the forward ends of 
which are biased open. The rear end 
portions of the blades are retained in 
spaced relation and have terminals and 
sockets provided on the outer faces of the 
rear portions of the blades. 


2,429,053—INTERNAL ALIGNMENT FIX- 

TURE AND WELDING CLamp—Arthur L. 

Forbes, Jr., Houston, Tex., assignor to 

Pressure Weld Co., Houston, Tex. 

(2 Claims) 

This patent discloses and covers a special 
expansible engaging device that is adapted 
to be inserted into and engaged with the 
bores of tubes as they are aligned for being 
joined together. 


2,429,075—CoMPENSATED ARC WELDER— 
Eugene A. Salay, St. Paul, Minn. (6 
claims) 
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ABSTRACTS OF CURRENT 
WELDING PATENTS 


Prepared by V. L. Oldham 


In this patent, an arc-welding generator 
is combined with a stabilizer. The genera- 
tor includes pairs of series field windings, 
pairs of commutating poles, a generator 
armature, and a compensated winding on 
the face portions of the field poles. An 
auxiliary winding is provided in the 
stabilizer while a main winding in said 
stabilizer is connected in series with the 
welding circuit. A short circuit switch is 
in the auxiliary winding for varying the 
turns thereof and a current control switch 
is in the main stabilizer winding. The 
switches are operated in unison so that the 
current from the welding generator is com- 


.pensated to provide a smooth welding arc 


to minimize splatter during the welding 
operation. 


2,429,175—-CoaTED WELDING Rop—Paul 
Christiaan van der Willigen, Johannes 
Jacobus Kreupeling, and Johan Jacob 
de Jong, Eindhoven, Netherlands, as- 
signors to Hartford National Bank & 
Trust Co., Hartford, Conn. (9 Claims) 
The coated welding rod of the invention 
includes a welding metal core and an elec- 
trically conductive core coating which 
comprises finely divided welding metal. 
The welding metal in the coating is be- 
tween about 35 to 85° by weight of the 
total welding rod and the core constitutes 
at least 15% by weight of the welding 
material of the rod. 


2,429,186—APPARATUS FOR WELDING— 
Fred H. Johnson, Pleasant Ridge, and 
Chester F. Leathers, Detroit, Mich., 
inventors, said Leathers assignor to 
Progressive Welder Co. (11 Claims) 
This patent covers a control system for 
regulating the flow of current between a 
load circuit and a source of alternating 
current. Means are provided in the load 
circuit for causing current flow during 
each of a succession of ‘‘on’’ periods. 
The current during each ‘‘on’’ period is 
gradually varied from a starting value to 
a maximum value and vice versa. Control 
means are provided to initiate the first 
‘“‘on’’ period while the temperature of the 
work controls certain of the circuit control 
means. 


2,429,273—-ArRC-WELDING CONVERTER 
Montford Morrison, Upper Montclair, 
N. J., inventor. (4 Claims) 
Morrison has patented a synchronous 
converter device which is fed from a 


quired 
larg 
-acking 
torage 
a 
i 
. 
“a 
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3-phase supply and provides d.-c. output 
current for arc-welding loads. The con- 
verter has a commutator provided with 
one brush adapted to carry arc-welding 
load currents, an inductive reactor is con- 
nected in the load circuit and the load 
circuit connects the above-mentioned 
brush and one conductor of the 3-phase 
supply circuit. 


2,429,289—Arc-WELDING CONVERTER— 

Montford Morrison, Upper Montclair, 

N. J., inventor. (5 Claims) 

This patent covers a synchronous con- 
verter having 6 a.-c. terminals supplied 
by a 3-phase a.-c. circuit with one-half 
of the energy of the supply current being 
applied to three of the a.-c. terminals and 
the other half of such energy being con- 


List 


BIRMINGHAM 


Davies, David W. (C), Ingalls Iron Wks 
Co., Birmingham, Ala. 


BOSTON 


Argento, John (B), Austin-Hastings Co., 
Inc., 226 Binney St., Cambridge, Mass. 

Fluke, W. E. (A), Industrial Steels, Inc., 
250 Bent St., Cambridge, Mass. 

Stieglitz, Hermann W. (C), Thomson 
Electric Welder Co., Lynn, Mass. 


CANADA 


MacKereth, William Albert (B), Vickers 
Hts., P.O., Fort William, Ont., Canada. 

Moon, Allan Ramsay (B), Welding Con- 
sultants, 22 College St., Toronto, Ont., 
Canada. 


CHICAGO 


Abromites, Francis J. (C), C. E. Phillips & 
Co., 1145 E. 76th St., Chicago, IIl. 
Allegrette, Joseph W. (C), General Ameri- 
can Transportation Corp., P. O. Box 
480, Plant 2, East Chicago, Ind. 
Gaydos, Frank J. (B), 618 Polk St., Gary, 
d 


Ind. 

Hyland, Richard M. (B), 849 Webster 
Ave., Chicago 14, IIl. 

Larsen, Thomas James (C), 5210 Newport 
Ave., Chicago, 

Laughlin, James T. (C), 1849 W. Grand 
Ave., Chicago 22, Ill. 

Olson, Gustaf H. (C), 7438 Vincennes 
Ave., Chicago 21, Ill. 

Petersen, Ludvig (C), Electro Motive 
Div., G.M. Corp., La Grange, Ill. 

Skuranskis, Anthony J. (C), 807 Ports- 
mouth, Westchester, Ill. 

Sweeney, Harry D. (B), 389 E. 14th St., 
c/o Amsco, Chicago Hts., Ill. 


CINCINNATI 


Brown, William F. (C), Box 146, Blue Ash, 
Ohio. 


verted into three additional phases equi- 
angularly spaced between the phases of 
the first said 3-phase current. The three 
additional phases connect to the remain- 
ing three terminals. A neutral connec- 
tion is provided for each of the 3-phase 
groups and such neutral connections 
connect together through an inductive 
reactor which has load applied btween 
the center tap thereof and one d.-c. ter- 
minal of the converter. 


2,429,320—-METHOD OF STRESS-RELIEF OF 
WELDED StructurRES—Harry E. Ken- 
nedy, Berkeley, Calif., inventor, as- 
signor to The Linde Air Products Co. 
(22 Claims) 
The stress-relieving method includes the 
setting up of a temperature gradient in a 


stressed area having tensile stress in one 
portion and a complementary area oj 
residual compression stress in another 
The tensile stress area is at a temperature 
sufficiently below the temperature of the 
compression stress area to cause per. 
manent deformation of metal in the tensile 
stress area. 


2,429,581—CLEANING Rop FoR WELDING 

Torcnes—Harry D. Maitlen, Long 

Beach, Calif., inventor. (2 Claims) 

The patented cleaner rod has ridges 
raised thereon in a plane perpendicular to 
the longitudinal axis of the rod. These 
ridges are smoothed at their outer peri- 
pheries to prevent cutting and a pilot ex. 
tends from the rod perpendicular to the 
ridges to guide the cleaner in use 


of New Members 


October 1 to October 31, 1947 


CLEVELAND 


Bohmer, Howard E. (B), The Paterson 
Leitch Co., 900 E. 69th St., Cleveland, 
Ohio. 

Carlson, Herbert Charles (C), 2ist & B. & 
O. R.R. Co., Lorian, Ohio. 

Chismar, John (C), 9405 Orchard Ave., 
Cleveland 9, Ohio. 

Delo, Elmer L. (C), Haynes Stellite Co., 
1517 Superior Ave., Cleveland 14, Ohio. 

Dossett, William (C), 5213 Summer Ave., 
Ashtabula, Ohio. 

Hansh, Emil W. (C), Reliance Electric & 
Eng. Co., Benefit Ave., Ashtabula, Ohio. 

Hauck, Fred L. (C), 12518 Kirton Ave., 
Cleveland 11, Ohio 

Herbruck, Charles G. (B), James F. Lin- 
coln Are Welding Foundation, Cleve- 
land 1, Ohio. 

Huscher, Joseph L. (C), American Agile 
Corp., 5806 Hough Ave., Cleveland 3, 
Ohio. 

Jeram, George Joseph (C), 1623 W. 13th 
St., Ashtabula, Ohio. 

Marble, Arthur E. (C), 224 Johnson St., 
Cuyahoga Falls, Ohio. 

Margulis, E. (C), Reliable Steel Plate Co., 
2330 E. 79th St., Cleveland, Ohio. 

Margulis, Geo. (C), Reliable Steel Plate 
Co., 2330 E. 79th St., Cleveland, Ohio. 

Margulis, Gilbert (C), Reliable Steel Plate 
Co., 2330 E. 79th St., Cleveland, Ohio. 

Paterson, Thomas H. (C), The Paterson 
Leitch Co., 900 E. 69th St., Cleveland 8, 
Ohio. 

Schuller, Daniel S. (C), 14208 Ardenall 
Ave., East Cleveland, Ohio. 

Titterington, Howard C. (B), The Pater- 
son Leitch Co., 900 E. 69th St.,"Cleve- 
land, Ohio. 


COLORADO 
Ballard, David C., Jr. (C), 3339 Curtis St., 


Denver, Colo. 

Claeson, Carl W. (C), 2750 S. Humboldt 
St., Englewood, Colo. 

DiFlorio, Albert R. (C), 3518 Kalamath 
St., Denver, Colo. 
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Lofgren, Walter G. (B), United State 
Welding Wks., 1301 Market St., Den 
ver, Colo. 

Lucking, Carl E. (B), 1682 Garfield St., 
Denver, Colo. 

Rorabaugh, Guy (C), Box 386, Cripple 
Creek, Colo. 


COLUMBUS 


Emig, E. W. (B), 469 Townsend Ave, 
Columbus, Ohio. 

Farris, W. A. (B), Box 172, Duncan Falls, 
Ohio. 


DAYTON 


Brown, Carl E. (C), 221 S. Plum St., Troy 
Ohio. 

Grimes, Howard (C), 1106 McKaig Ave, 
Troy, Ohio. 
Lyman, John (C), 816'/, Broadway, Piqua, 

Ohio. 
Miller, Raymond C. (C), 126 N. Clemmer 
St., Dayton 7, Ohio. 


DETROIT 


Ascher, Gerard (C), 1154 Webb St., ©? 
7, Detroit 2, Mich. 
Cuthbert, Melvin C. (C), 257 Lagoon 
Beach Dr., Bay City, Mich. ; 
Folmer, Frank F. (B), 226 McKerchey 
Bldg., 2631 Woodward, Detroit 1, Mich 
Kittrell, James G. (C), 16853 Five Point 
Rd., Detroit 19, Mich. ee 
MacPhail, Robert B. (C), The B. & } 
Co., 303 Main St., Essexville, Mich. 
McNab, Gordon H. (B), 25" Channing 
Ave., Ferndale, Mich. ie 
Ponder, E. D. (B), Electric Auto-Lite C0. 
Bay Mfg. Div., Bay City, Mich iis 
Quigley, Kenneth A. (C), 745+ Alexan 
St., Mt. Morris, Mich. 
Trygar, Michael H. (C), 11839 Rosemé 
Ave., Detroit 5, Mich. 
Whyte, Edw. J., Jr. (C), 2009 Center 
Bay City, Mich. 
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HARTFORD 


Ayers, Philip E. (B), 54 Chestnut St., 
Manchester, Conn. 

Gallo, F. A. (B), 33 Wildemere Ave., 
Waterbury, Conn. 

Gormley, Terrence P. (B), Aero Co., 48 
Edwards St., Hartford, Conn. 

Lacey, Stafford H. (B), Auto Battery & 
Electric Co., 95 Truman St., New Lon- 
don, Conn. 

Lorence, Michael (B), 39 Francis Ave., 
Hartford 6, Conn. 

McCourt, William J. (B), Auto Battery & 
Electric Co., 95 Truman St., New Lon- 
don, Conn. 

Powley, Richard Alan (B), 109 Connecti- 
cut Blvd., East Hartford, Conn. 

Withowski, Joseph V. (B), P. O. Box 34, 
Newington, Conn. 


INDIANA 


Feuquay, Joseph B. (B), Seeger Refrigera- 
tor Co., Evansville, Ind. 

Pollock, Alexander B. (B), 2333 Lesley 
Ave., Indianapolis 44, Ind. 


LEHIGH VALLEY 


Bugianesi, Angelo (C), 300 Charles St., 
Old Forge, Pa. 

Elly, Leonard P. (C), 75 E. Broad St., 
Bethlehem, Pa. 

Furman, Andrew J. (B), 33) Plymouth 
Ave., Wilkes-Barre, Pa. 

Williams, Roger (C), Aetna Steel Prods. 
Corp., Pottsville, Pa. 


LONG BEACH 


Patterson, Eugene L. (B), 7028 Akins 
Ave., San Diego, Calif. 


MARYLAND 


Backoff, Emanuel F. (C), 1410 S. Carey 
St., Baltimore 30, Md. 

Bearer, Bernard A. (C), Fire Proven 
Prods , 9 E. Lafayette Ave., Baltimore 
2, Md. 

Bolotsky, Max (B), 14 W. Franklin St., 
Baltimore, Md. 

Davis, Millard J. (C), Davis Machine Co., 
2226 Kirk Ave., Baltimore 18, Md. 

Gleim, John Randolph (C), 2730 The Ala- 
meda, Baltimore 18, Md. 

Grier, Calvin T., Jr. (C), Kirk & Grier 
Welding Co., 5604 Washington Blvd; 
Elkridge 27, Md. 

Hanneman, Walter (C), Waltham Weld- 
A Wks., 352 Davis St., Baltimore 2, 

Kibler, Louis E. (C), A. K. Robins & Co., 
Inc., Lombard & Concord St., Balti- 
more, Md. 

Leary, E. G. (C), The Leary Mfg. Co., 608 
W. Pratt St., Baltimore 1, Md. 
cCaffray, Charles F. (C), Baltimore 
Broom Machine Co., 2500 Sisson St. 
Baltimore 11, Md. 


Oclmann, Kurt M. (C), 1109 Park Ave., 

iltimore 1, Md. 

eine, Russell (C), 8011 Old Harford 
d., Baltimore 14, Md. 


Robinson, B. W. (C), 400 W. 24th St., 
Baltimore 11, Md. 


oys, Edwin N. (C), 8702 Loch Bend Dr., 
+Owson 4, Md. 

. ¢, Wilfred C.(C), R. F. D. 1, Box 13, 
ockeysville, Md. 

; art, Warner L. (C), 5001 Wright Ave., 
aitimore 5, Md. 

William 


Baltimore 29, a» 790 Grantley St., 
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MICHIANA 


Biederstaedt, Harry (B), 335 Walker St., 
Michigan City, Ind. 

Bushong, W. Joe (C), 1057 Middlebury 
St., Elkhart, Ind. 

Miller, Chas. N. (C), Elkhart Bridge & 
Iron Co., Elkhart, Ind. 

Nicholson, G. W. (C), Elkhart Bridge & 


Holstrom, Verner (C), The Day Co., 810 
Third Ave., N. E., Minneapolis 13, 
Minn. 

Johnson, Leonard G. (C), Machinery & 
Welder Corp., 2440 Second St. N., 
Minneapolis 11, Minn. 

Palmer, Sydney H. (B), 303 Ridgewood 
Ave. S., Minneapolis 4, Minn. 


Swanstrom, John W. (C), Machinery & 
Iron Co., Elkhart, Ind. * “Welder Corp., 2440 Second St. N., 
Minneapolis 11, Minn. 
LOUISVILLE 


Blythe, Charles O. (C), 1614 Grinstead 


Dr., Louisville, Ky. 


Emmons, Martin W. (C), 1009 E. Oak St., 


Louisville 4, Ky. 


MAHONING VALLEY 


Heltzel, Robert E. (C), Heltzel Steel Form 
& Iron Co., Warren, Ohio. : 


MILWAUKEE 


Wilson, Thomas B. (C), Acro Welder Mfg. 
Co., 1825 W. St. Paul Ave., Milwaukee 
11, Wis. 


NEW JERSEY 


Brown, Robert T. (B), 341 Highland Ave., 
Orange, N. J. 

Conrad, Leonard W. (B), c/o The Heil Co., 
Route 29, Hillside, N. J. 

Gilmartin, Robert D. (B), Whitehead 
Metal Prods. Co., Inc., 205 Freling- 
huysen Ave., Newark, N. J. 

Goetz, George L. (C), G. & G. Welding 
Co., Inc., 23 Fourth St., Port Reading, 


N. J. 

Hughey, Howard G. (C), Air Reduction 
Sales Co., Murray Hill, N. J. 

Metzler, Roger J. (B), Handy & Harman, 
82 Fulton St., New York 7, N. Y. 

Schanck, Harold Conover, Jr. (C), 47 
State St., Perth Amboy, N. J. 


NEW ORLEANS 


Porter, Allen C. (B), Woodward, Wight & 
Co., Ltd., 451 Howard Ave., New Or- 
leans, La. 


NEW YORK 


Green, Walter Lawrence (B), American 
Bureau of Shipping, 45 Broad St., New 
York, N. Y. 

Mayer, Stephen (C), 
Brooklyn 22, N. Y. 
Stern, Irving Lester (C), 1914 63rd St., 

Brooklyn, N. Y. 

Visnick, Alexander (B), 22 Metro. Oval, 

New York 62, N. Y. 


124 Noble St., 


NORTHERN N. Y. 


LaPointe, Ray (C), 21 N. High St., Ball- 
ston Spa, N. Y. 

Otten, Harry E. (C), R. F. D. 6, Box 320, 
Carman Rd., Schenectady, N. Y. 

Percenti, Edward (C), 1676 Foster Ave., 
Schenectady, N. Y. 

Schaad, Jacob J. (C), 618 Elliott St., 
Scotia, N. Y. 

VanNatten, Wesley J. (C), Rotterdam 
Jct., N. Y. 

Wagner, C. W. (C), 31 Quail St., ‘Albany, 
N, Y. 


NORTHWEST 


Coleman, W. E. (C), 3404 Holmes Ave., 
So., Minneapolis 8, Minn. 

Green, Francis J. (C), 609 Lyndale PI. 
Minneapolis 11, Minn. 


LIST OF NEW MEMBERS 


NORTHWESTERN PA. 


Bunting, Roscoe C. (C), 2977 Peach St., 
Erie, Pa. 

Lentz, John S. (C), 161 E. 6th St., Erie, 
Pa. 

Nunez, J. Wm. (C), 716 A-4 Tacama Rd., 
Erie, Pa. 


Willinger, George E. (C), 246 W. 26th St., 
Erie, Pa. 


OKLAHOMA CITY 


Chamberlain, A. T. (C), Big Three Weld- 
ing Equipment Co., Box 1521, Okla- 
homa City, Okla. 

Cobb, R. H. (C), 1508 S. W. 25, Oklahoma 
City, Okla. 

Dawson, James D. (C), P. O. Box 1631, 
Oklahoma City, Okla. 

Enochs, Elmer P. (C), c/o The Black 
Sivalls & Bryson Co., Stock Yard Sta- 
tion, Oklahoma City, Okla. 

Erickson, Lon E. (C), Box 1152, Oklahoma 
City, Okla. 

Funk, Marion P. (B), c/o Halliburton Oil 
Well Cementing Co., Drawer 471, 
Duncan, Okla. 

Hotchkiss, Edgar M. (C), 1225S. W. 35th 
St., Oklahoma City, Okla. 

Lowrey, Leon L. (C), 4318 N. Granger, 
Oklahoma City 6, Okla. 

Merrell, Fred E. (C), 2709 N. W. 20th, 
Oklahoma City, Okla. 

Nail, Marvin J. (C), R. 2, Box 324, Choc- 
taw, Okla. 

Porter, E. W. (C), Box 1152, Oklahoma 
City, Okla. 

Rivers, James F. (C), Big Three Welding 
Equipment, Box 1521, Oklahoma City, 
Okla. 

Wasz, Gene (C), 1700 S. W. 15th St., 
Oklahoma City, Okla. 


PASCAGOULA 


Jones, M. H. (C), 205 S. Hague, Pas- 
cagoula, Miss. 


PEORIA 
Packer, Mort (C), 1110 Seneca PI1., Peoria, 
1. 


PHILADELPHIA 


Maguire, Daniel J. (C), Harris Sales Co., 
88-90 E. Baltimore Ave., Lansdowne, 


Pa. 

Mosbach, William (C), K. William Ostrom 
Co., 1525 Wood St., Philadelphia 2, Pa. 

Reinschreiber, Henry (C), 28 Avon Ave., 
Westville, N. J. 

Thomson, J. S. (C), 4124 Torresdale Ave., 
Philadelphia 24, Pa. 


PITTSBURGH 


Anthony, Harry L. (B), 4400—5th Ave., 
Pittsburgh 13, Pa. 

Hitch, P. J. (C), Bethlehem Steel Co., 
Oliver Bldg., Pittsburgh, Pa. 

Hyslop, James (B), Hanna Coal Co., St. 
Clairsville, Ohio. 

Kiggins, W. Ralph (C), 111 N. Sixth St, 
Youngwood, Pa. 
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Shaw, George B., Jr. (C), 1234 Oliver 
‘Bldg., Pittsburgh 22, Pa. 
Smith, G. William (C), 642 Grant St., 


Pittsburgh 19, Pa. 


PORTLAND 


Weitman, Eugene A. (B), Electric Steel 
Fdry., 2141 N. W. 25th Ave., Portland 
10, Ore. 


PUGET SOUND 


Harris, Kenneth E. (C), 521 E. 12th St., 
Port Angeles, Wash. 

Miner, David (C), Durell Prods., 2036— 
15th Ave. W., Seattle, Wash. 


ST. LOUIS 


Chase, Ralph E. (C), Chase Welding Sup- 
ply Co., Benton, Ill. 

Finney, Wm. E. (C), Wagner Electric 
Corp., 6400 Plymouth Ave., St. Louis 
14, Mo. 

Jarzenbeck, Julius (C), 4514 Miami St., 
St. Louis 16, Mo. 

Reardon, Earl T. (C), Wagner Electric 
Corp., 6400 Plymouth Ave., St. Louis 
14, Mo. . 


SAN FRANCISCO 


Berrar, Karl L. (C), 1203 Curtis Ave., San 
José 10, Calif 
McIntyre, Basil D. D. (C), % Mrs. G. E. 
 Sobey, 40 Oak Grove Ave., General 
Delivery, Los Gatos, Calif. 


SOUTH TEXAS 
Blanchard, James U. 


(B), 
Houston, Tex. 
Cook, John S. (C), Humble Oil & Refining 
Co., Baytown, Tex. 


Box 2567, 


DETROIT 


Heska, Lewis (C to B), Resistance Welder 
Corp., 116 First St., Bay City, Mich. 
Kaunitz, R. W. (C to B), Resistance 
Welder Corp., 116 First St., Bay City, 
Mich. 

Koehler, Ralph (C to B), Resistance 
Welder Corp., 116 First St., Bay City, 
Mich. 


HELIWELD DESCRIPTIVE FOLDER 
The Air Reduction Sales Co. has pub- 
lished a two-color profusely illustrated 
eight-page folder describing its three new 


types of Heliweld equipment. 


head. 


The new folder offers photographic illus- 
trations of Airco’s three new types of Heli- 
It lists advantages and 


weld equipment, 


1138 


King, Oliver F. (B), P. 


These are 
the manual holder, the machine holder 
and the electronically controlled automatic 


O. Box 7357, 
Houston 8, Tex. 

Smith, Harry K. (B), Big Three Welding 
Equipment Co., P. O. Box 3047, 
Houston 1, Tex 


SYRACUSE 


Briggs, John O. (C), 1049 Ackerman Ave., 
Syracuse, N. Y. 

Orendorf, Newell W. (C), 407 N. Seward 
Ave., Auburn, N. Y. 

Wise, Charles A. (C), 119 Charmouth Dr., 
Syracuse 7, N. Y. 


TOLEDO 


Heuer, W. E. (B), 1112 Prospect Ave., 
Toledo 6, Ohio. 


TULSA 


Howard, P. A. (B), P. O. Box 591, Tulsa, 
Okla. 


WASHINGTON 


Bluhm, Leslie Edward (B), Nelson Sales 
Corp., Suite 410, Bond Bldg., Washing- 
ton 5, D. C. 

Cathell, W. E., Jr. (B), 
Rosslyn, Va. 

Eveson, Paul A. (B), 24 Greenfield Rd., 
Hagerstown, Md. 

Gatewood, Worth C. (B), Commerce 
Welding, Madison & Henry Sts., Alex- 
andria, Va. 

Grant, T. H. (B), 2126 Pennsylvania Ave., 
N. W., Washington 7,.D. C. 

Hawksworth, Roger W. (B), Rogers Weld- 
ing, 1913 M St., N. W., Washington, 

Sconille, Raymond M. (B), Rogers Weld- 
ing, 1913 M St., N. W., Washington, 


Shankle, Earle M. (B), 1375 Bryant St., 
N. E., Washington, D. C. 


Noland Co., 


Members Reclassitied 


During Month of October 


MILWAUKEE 


Busse, Marvin H. (C to B), Optenberg 
Iron Wks., S. 7th, 51 Clara Ave., She- 
boygan, Wis. 

Labinski, Joseph H. (C to B), 2813 S. 45th 
St., Milwaukee, Wis. 


NEW YORK 
Zeuthen, Albert W. (D to C), 89 Bar 


uses of the process, construction details of 
the equipment and a page devoted to sup- 


plementgry equipment and supplies. 


For a copy of this new folder write De- 
partment 1632, Air Reduction Sales Co., 
60 E. 42nd St:., New York 17, N. Y., or the 


Airco sales office nearest you. 


NEW EXTENSOMETER BULLETIN 


Bulletin 263, 12 pages, 8'/2 x 11 in., de- 
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Smith, Ray D. (B), Smith & Viar Welding 
Co., 4803 Rhode Island Ave., Hyatts. 
ville, Md. 

Smith, Wayne (B), 3018 9th St., S. RB 
Washington 20, D C, ‘ 

Swing, David Jackson (B), P. O. Box 42 
Riverdale, Md. 


WESTERN MICH. 


Hedges, Clyde A. (C), Miller Welding 
Supply Co., 55 Mt. Vernon Ave., N. W,, 
Grand Rapids 4, Mich. 

Mattson, August (C), 
Muskegon, Mich. 

Prucha, Charles R. (C), E. H. Sheldon Co, 
Muskegon, Mich. 

Winstrom, Richard T. (C), Miller Welding 
Supply Co., 55 Mt. Vernon Ave., N. W,, 
Grand Rapids 4, Mich. 


1646 John St. 


WICHITA 
Strahm, Herman (C), 1501 Ellis, Wichita 
9, Kan. 
WORCESTER 


* Blodget, Alden S., Jr. (B), Air Reduction 
Sales Co., 38 Vinton St., Worcester, 
Mass. 

Lawton, Roger H. (B), Daniel Shay Hwy 
R. F. D. 2, Athol, Mass. 

Ware, John A. (B), Ware’s Service Sta., 
P. O. Box 23, Templeton, Mass. 


NOT IN SECTIONS 


McKenney, Walter B. (C) U.S.N., Gen- 
eral Delivery, Millington, Tenn. 

Meadows, C. A. (B), 3029 Grand Ave 
Des Moines, Iowa. 

Outlaw, John C. (C), 132 E. Monroe St 
Jacksonville 2, Fla. 

Wilson, James L. (C), 711 Caledonia St. 
Kellogg, Idaho. 


Beach Rd., Port Washington, L. |, 
N. Y 


FOREIGN 


Pratt, Harold R. (C to B), Americal 
Bureau of Shipping, 1 Place de Met 
Antwerp, Belgium. 


scribes and profusely illustrates all d 
Baldwin’s indicating extensometers 
accessories, which meet virtually every * 
quirement of this class of instruments 
The principal instruments described rf 
the H. F. Moore type for tension and com 
pression measurements, metal & 
tensometer, averaging extensometer, pe 
extensometer and deflectometet. 
Baldwin Locomotive Wor s, 
Equipment Dept., Philadel 42, Pa. 
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SECTION ACTIVITIES 


BOSTON 


The Silver Anniversary of the Boston 
Section was observed on Oct. 14, 1947, 
with a dinner meeting held at the Hotel 
Kenmore, Boston. 


Three charter members of the Boston - 


Section, many past chairmen, and several 
National officers, as well as present officers, 
were seated at the head table. One hun- 
dred and twenty-five attended the meet- 
ing, and the speaker of the evening was 
Dr. Comfort A. Adams. 

Those seated at the head table were: 
Leon F. Jackson, Section Chairman, 1932- 
35; Frank B. Mehaffey, Section Chair- 
man, 1939-41; Patrick J. Horgan, Section 
Chairman, 1937-39; Harold N. Ewertz, 
Section Chairman, 1935-37; Peter E. 
Kyle, Section Chairman, 1945-46. Also 
James Holt, President, Engineering Socie- 
ties of New England; Frank W. Davis, 
District No. 1 Vice-President, Section 
Chairman, 1943-45; Dr. Comfort A. 
Adams, Charter Member, Speaker of the 
Evening; Herbert G. Austin, Present Sec- 
tion Chairman; Harold O. Hill, President- 
Elect, AMERICAN WELDING Society; E. V. 
David, National Convention Committee, 
AMERICAN WELDING Society; Joseph G. 
Magrath, National Executive Secretary; 
Philip N. Rugg, Section Secretary-Treas- 
urer since 1935; Harry D. Large, Charter 
Member, Section Secretary, 1926-35; 
Henry O. Westendarp, Charter Member; 
P.L. F. Feyling, Section Chairman, 1941- 
43. 

Herbert G. Austin, Section Chairman, 
vas master of ceremonies. He introduced 
those at the head table, and called upon 
Mr. Hill, Mr. David, and Mr. Magrath to 
speak. Leon F. Jackson gave a brief his- 
tory of the Boston Section (published else- 
where in this issue) 


Frank W. Davis, District No. 1 Vice- 


President, and close friend of the guest 
speaker, introduced Dr. Adams to the 
gathering. 

Dr. Adams spoke on ‘‘Looking Forward’”’. 
An abstract is published elsewhere in this 
issue. 

The program concluded with an hour of 
magic and mental gymnastics put on by 
Elwin Shaw. 

Arrangements and plans for this an- 
niversary meeting were ably handled by 
the Silver Anniversary Committee con- 
sisting of Thure A. Johnson, P. Edward 
McKenna, Herman L. Toof and Leon F. 
Jackson, Chairman. 


BRIDGEPORT 


Dinner meeting held in the Candlelite 
Restaurant on October 16th was followed 
by technical session addressed by S. Lowe, 
who spoke on ‘Welding of Castings.’ 
Film and slides were used to illustrate Mr. 
Lowe’s talk. 


CINCINNATI 


Regular monthly meeting was held on 
October 28th at the Engineering Society 
Headquarters. E. B. Brown, Develop- 
ment Engineer, American Brass Co., was 
the speaker. Mr. Brown’s subject was 
“Welding of Copper and Copper Alloys.”’ 
He explained the fundamentals of welding 
of copper and copper alloys as encountered 
in fabrication and use of all types of weld- 
ing procedures as required by limitations 
imposed by the user. His talk was fol- 
lowed by a very interesting movie, entitled 
“Open Pit Copper Mining in Chile.” 
After the meeting a Dutch Lunch was 
served to all members and their guests. 


CLEVELAND 


The Cleveland Section started its fall 


Educational Program the afternoon of 
November 3rd with a visit toethe Cuya- 
hoga Works of the American Steel & Wire 
Co. 

The Cuyahoga Works comprises the 
Strip and Wire Divisions and visitors were 
treated to the spectacle of seeing billets 
reduced in rod and hot strip mills, then 
finished in wire and cold strip mills. They 
watched the process of manyfacturing such 
articles as welding wire, wire rope, piano 
and baling wire, as well as transformer 
sheets and strip for automobiles. 

This trip was most interesting and 
enlightening and the engineers all expressed 
their appreciation to the American Steel & 
Wire Co. for making the visit possible 

The plant trip was followed by dinner 
at Kiefer’s Tavern where a color movie of 
the Cleveland Browns Football Team was 
shown. 

The regular monthly meeting of the 
Cleveland Section was held Wednesday, 
November 12th. William R. Miller, 
Assistant Manager of the Metallurgical 
Department of the American Steel & 
Wire Co., was the speaker. Mr. Miller’s 
talk on “Story of Steel’’ explained some 
of the processes which were seen during the 
visit to the Cuyahoga Works. He dis- 
cussed the process of making steel; iron 
ore, limestone and coke becoming pig 
iron; pig iron to steel, and thence to steel 
products. 

Mr. Miller’s talk was followed by the 
American Steel & Wire Co.’s technical 
sound motion picture, ‘‘Steel—Man’s 
Servant,’’ which depicts the drama of steel 
from the time the raw ore leaves the mines, 
goes to the furnaces and then to the mills. 
In vivid color, the picture shows the prin- 
cipal steps in steelmaking, the blending of 
the natural hues in open-pit mines, the ore 
boats moving down the lakes, the giant 
stock piles and the blast furnaces in oper- 
ation. 
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‘COLORADO 


October 14th dinner meeting was held 
in the Silver Wing Inn, Denver. Floyd 
R. Anderson, Chief Metallurgist, Gardner 
Denver Co., spoke on “Metallurgy of 
Welding.”” A film ‘Head Work” was 
shown through the courtesy of the Lukens 
Steel Co. H. K. Schmuck, Membership 
Chairman, gave a talk on the necessity of 
new members, and why men interested in 
the art should belong to the Society. 


DETROIT 


The annual “Amateur Night’’ was held 
in the Spanish Room of the Hotel Fort 
Shelby, Friday, October 10th. 

A short intermission followed dinner at 
6:30 P.M., during which two very inter- 
esting colored movies were shown on hunt- 
ing, namely “Bear Hunting in Alaska” 
and ‘‘Pheasant Fever.”’ 

Chairman Al Last then called the meet- 
ing to order and explained the program 
for the evening. Duplicate copies of a 
previously prepared list of twenty-five 
questions covering all types of welding 
were distributed to the 140 members and 
guests. Each person then gave their 
answers and turned in one copy to the 
judges, retaining one copy for reference. 
~ The Chairman then called on volunteers 
from the audience to give their answer to 
the questions and their reason for obtain- 
ing that answer. Some very interesting 
and educational discussions resulted. All 
questions finally answered correctly by a 
panel of three judges consisting of T. J. 
Crawford, Progressive Welder Co.; Harold 
Sparks, Chrysler Corp. and L. Boelter, 
Ford Motor Co. 

The winner of the contest, John D. 
Gordon of Progressive Welder Co., with 
20 correct answers was presented with 
“Blue Ribbons” proclaiming him ‘Chief 
Welding Expert.”’ 

While the judges were checking the 
winning papers, Ray Stitt of the R. C. 
Mahon Co. showed and explained some 
very interesting slides on straightening 
heavy steel sections by the use of a torch 

without water quench or pressure applied 
to the section, 

The Saginaw Valley Division held a 
dinner meeting in conjunction with 
“Amateur Night” at Zehnders Hotel, 
Frankenmuth, Mich., October 9th. Total 
attendance of members and guests was 79. 

Two color movies were shown, namely, 
‘Bear Hunting in Alaska’ and ‘‘Pheasant 
Fever.” 

The regular meeting was conducted by 
Godfrey Burrows of the Chevrolet Divi- 
sion, Flint, and consisted of questionnaires 
covering all phases and types of welding. 
A very spirited discussion of answers and 
questions was brought out, by Mr. Bur- 
rows. The meeting was both educational 
and very entertaining. 


INDIANA 


The October 24th dinner meeting was 
held at the Y.M.C.A. in Anderson, Ind. 
R. T. Gillette, Chief Research Engineer, 
General Electric Cé6., spoke on the subject 
“Resistance Welding.” A film ‘‘Soap 
Box Derby 1946” was also shown. 
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(Left to Right) C. C. Patterson, Supt. of Metallurgy; E. W. Williams, A.W.S. Los 


Angeles Section Vice-Chairman; Dave Chase, 


Welding Supt.; and R. L. McKenna. 


Cameraviewed at the October Meeting of the Los Angeles Section 


LEHIGH VALLEY 


The Lehigh Valley Section held its 
monthly meeting on Monday, November 
3rd, at the Hotel Bethlehem, Bethlehem, 
Pa. 

L. P. Elly, of the Bethlehem Steel Co., 
gave an illustrated talk on ‘Welding in 
Steel Mill Maintenance.”’ Mr. Elly dis- 
cussed methods of handling maintenance 
problems and the application of sub- 
merged arc welding on maintenance build- 
up work. 

H. O. Hill, of the Bethlehem Steel Co., 
gave an interesting after-dinner talk on 
the subject, ‘“‘Norway & Sweden, As I 
Saw Them.”’ He told of the postwar con- 
ditions and the customs of the people of 
Norway and Sweden. Mr. Hill recently 
completed a visit to these countries. 


LOS ANGELES 


The October meeting of the Los Angeles 
Section was the first of several plant visits 
scheduled as part of the Section’s activi- 
ties for this year. 

Approximately 130 members and their 
guests were conducted through a tour of 
the National Supply Co.’s Torrance, Calif., 
plant under the guidance of the Manage- 
ment Club of that company. Dave 
Chase, Welding Superintendent, was host 
for the evening. He was ably assisted by 
R. L. “Bob” McKenna, and various 
other members of the Management Club. 


LOUISVILLE 


J. Raymond Wirt, Welding Engineer for 
the Delco-Remy Division of General 
Motors Corp. at their Anderson, Ind. 
plant, was the guest speakereat the dinner 
meeting in the Kentucky Hotel, October 
28th. 

Mr. Wirt spoke on ‘‘Development of 
Production Welding Techniques’’ and 
made his talk interesting and instructive 
by the use of lantern slides and an exhibit 
of eelded, brazed and soft soldered auto- 
motive parts. Mr. Wirt’s experiences as 
revealed in his talk show that large divi- 
dends await those who develop new weld- 
ing techniques in their productionmethods. 
Also in connection with the talk, a color 
movie was shown, ‘“‘This Is Resistance 
Welding,” produced by General Electric 
Co. 

The “coffee speaker,” J. G. Magrath, 
new Executive Secretary of the Socrety, 
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gave an outline of the history of the 
SocigeTy since its founding in 1919, to the 
present day. He explained in some detail 
the make up of the New York office staff 
and of the national organization. Helpful 
suggestions were made for developing the 
local sections and increasing membership. 


MARYLAND 


The October meeting of the Maryland 
Section was held at the Baltimore En- 
gineer’s Club on the 16th. This was a 
joint meeting of the Baltimore Chapter 
of the American Society for Metals and 
the A.W.S. Maryland Section, with the 
latter playing host. The finishing touch 
was put on the dinner period by J. G 
Daneker, Advertising Counselor, who gave 
a slant or two on present-day business. 
The technical speaker for the evening was 
R. W. Emerson, of the Pittsburgh Piping 
and Equipment Co. With the aid of 
many excellent slides, Roy Emerson pre- 
sented a real metallurgical picture on 
“Welding Air Hardening Steels and Cor- 
rosion Resisting Piping.” 

In an earlier issue of THE WELDING 
JOURNAL it was mentioned that an Elec- 
tronic Snoopersonic Turbo-Radar Quasi- 
Query Retortometer was used at a meet: 
ing of the Maryland Section to analyze 
answers given by members at a quiz pro- 
gram. Inquiries have been received from 
all over the world on the construction of 
this instrument. To enlighten JOURNAL 
readers a photograph of the retortometer 
is shown herewith. The buzzers, bells, 
signal lights, etc., must be heard and seen 
to be truly appreciated. 


MICHIANA 


Carl Schaub of the Arcos Corp., Phil» 
delphia, spoke on “Cutting 5t sinless 
Steel,”’ at the October 17th meeting hel¢ 
in South Bend, Ind. A film “Oxyar‘ 
Method of Cutting Metals” was show” - 
connection with the presentation. A not 
technical film on auto racing was also 
shown. 


MILWAUKEE 


Regular dinner meeting was he oe 
Ambassador Hotel on Friday, Octo h 
31st. Bill Chandler, Basketball 
Marquette University, gave 2" 
and timely talk on what makes a succe> 


ful basketball team. 
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insure CONSTANT CURRENT 
‘and WELDING HEAT 


with this new aAYTH EON 


Type CR Automatic Regulator 


You can now produce uniform welds irrespec- 
tive of transformer impedance change... 
by using the new Raytheon Type CR Automatic 
Current Regulator to insure a constant, current. 

This new unit maintains welding current 


RAYTHEON CURRENT REGULATOR, 


within 2% of preset value... over an impedance 
range which normally causes a maximum 20% welds of 3 or more cycles “on” tine 
current change, and over a 20 to 80% power Wet any, “ell ne. 


factor range. In addition, it automatically 
regulates for changes in line voltage. 

Any machine equipped with Raytheon Syn- 
chronous Control can be quickly ‘equipped with 
the Automatic Cyrrent Regulator by simply 
replacing the standard Phase Shift Drawer. 


Write for detailed information on Raytheon Synchronous Excellence in Electronics 
and Non-synchronous Controls RAYTHEON MANUFACTURING COMPANY 
Bulletins DL-W-201 fo 205/ 3 COMMERCIAL PRODUCTS DIVISION 
WALTHAM 54, MASSACHUSETTS 


Industrial and Commercial Electronic Equipment 
Broadtest Equipment, Tubes end Accessories 
Sales Cfices: Atlante, Boston, Chicsgo Gavelend, Dewoit, New 
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Electronic Snoopersonic Turbo-Radar ho gal Retortometer Used by Maryland 
ction 


The main speaker of the evening was 
Arthur Schwarz, John Nooter Boiler 
Works Co., St. Louis, Mo. Mr. Schwarz 
has had many years experience in the fab- 
rication of pressure vessels and other oil 
refinery and chemical equipment and his 
discussion of this subject was of compel- 
ling interest to all in the plate fabrication 
industry. 


NEW JERSEY 


October dinner meeting was held at the 
Essex House, Newark, N. J., on the 14th. 
Fred L. Plummer, Director of Engineer- 
ing, Hammond Iron Works, Warren, Pa., 
spoke on the subject ‘‘Field Welding of 
Storage and’ Process Vessels.”’ In his 
talk, Mr. Plummer outlined the various 
types of large field-erected storage tanks 
covering both fixed and variable volume 
tanks, cone roof tanks, spherical tanks 
and tanks of special shapes, elevated tanks 
and bins and underground tanks. He 
described and illustrated the construction 
of such tanks, discussed the design, men- 
tioning the various Codes under which 
such tanks are designed and constructed, 
and described the testing of such construc- 
tion. 


NEW YORK 


The November meeting for the New 
York Section was a joint meeting with 
the Metropolitan Section of the A.S.M.E. 
Because of their interest in jet propulsion 
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the members of the American Rocket 
Society were also invited to attend. The 
speaker was C. G. Chisholm, Haynes 
Stellite Co., Kokomo, Ind., whose topic 
was “Welding and Fabrication of High- 
Temperature Alloys.” 

Mr. Chisholm described the various 
classifications of high-temperature alloys 
or “super alloys’” and mentioned the 
fabricating difficulties involved. He de- 
scribed the welding methods particularly 
adapted to each of the groups. The 
data for Mr. Chisholm’s talk were ob- 
tained mainly from wartime and postwar 
experience in the development, selection 
and fabrication of alloys to withstand high 
temperatures encountered in jet planes and 
rockets. At the conclusion of his talk, Mr. 
Chisholm showed a number of slides 
illustrating the precision casting method 
which is widely used in the fabrication of 
high-temperature alloys. 

F. X. Gilg, Application Engineer of 
Babcock & Wilcox Co., was technical 
chairman for the meeting. Mr. Gilg was 
kept busy for nearly an hour guiding the 
discussion following the paper. Arrange- 
ments for the meeting were in charge of 
J. L. Cahill, N. Y. Navy Yard, a member 
of the Executive Committee of the New 
York Section. 


NORTHERN NEW YORK 
The following is the program of meet- 


ings for the remainder of the season of the 
Northern New York Section. 
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Nov. 20, 1947—The subject will be of 
general interest toeveryone. Speaker 
L. L. Wyman, General Electric (o., 
Schenectady. Place: Locomotive 
Club, Van Vranken Ave., Schenec. 
tady (Just. beyond. the city line), 
Time: Dinner, 6:30 P.M.; meeting, 
8:00 P.M. For this meeting, special 
arrangements will be made for the 


ladies, and they are particularly 


invited. 


Jan. 29, 1948—Subject ‘‘Welded Build. 
ings in Mexico.’’ Speaker: A. Vogel, 
Chief Construction Engineer, Inter. 
national General Electric. Place: 
Van Curler Hotel, . Schenectady, 
Time: 8:00 P.M. This will be the 
“General Meeting’’ sponsored by 
A.W.S. for the Schenectady Engi- 
neering Council. 

Feb. 26, 1948—Subject: ‘“‘Three-Phase 
Resistance Welding.’’ Speaker: M. 
Sciaky, Sciaky Bros., Inc. Place: 
Holland Inn, Schenectady. Time: 
Dinner, 6:30 P.M.; meeting 8:00 
P.M. This controversial subject will 
be fully presented and should be 
followed by an intensive discussion. 

Mar. 25, 1948—Subject: ‘‘Stainless 
Cutting.”” Speakers: Representa- 
tives from Linde Air Products Co. 
Arcos Corp. and Air Reduction Sales 
Co. Place: Holland Inn, Schenec- 
tady. Time: Dinner, 6:30 P.M. 
meeting, 8:00 P.M. Three speakers 
will give short talks on their respec- 
tive methods of stainless steel cutting. 

Apr. 29, 1948—Subject: ‘Inert Weld- 
ing.”” Speaker: R. F. Wyer, General 
Electric Co. Place: Holland Inn, 
Schenectady. Time: Dinner, 6:3) 
P.M.; meeting, 8:00 P.M. Inert 
welding is one of the newest and most 
interesting processes for welding alu- 
minum, stainless steel and most of the 
nonferrous and ferrous metals. A 
demonstration is in the process of be- 
ing arranged. 

May 27, 1948—Annual Meeting. Place 
Holland Inn, Schenectady. Time 
Dinner, 6:30 P.M. An interesting 
program is being planned. More de- 
tails later. 


NORTHWEST 


September 8th meeting was “Get 
Acquainted” and “Problem” night. Pre- 
ceding dinner, Chairman E. E. Hall was 
host at the “Happy Half Hour.” It 
afforded an excellent opportunity for — 
bers to become better acquainted 2° 
enjoy good fellowship. 

R. H. Schleuder, Chairman of tae 
tion’s Question and Answer Committee, 
presided at the technical session, during 
which members asked questions 00 various 
welding problems with which they ¥ 
confronted. 


The October 13th meeting was “At 
Reduction” night. The company 
host at the ‘‘Happy Half Hour” and also 
provided the speaker—Arthur Kugler, 


Mechanical Engineer, Technical Sales 
Division, New York—who spoke 
“Brazing,” including brass, <i!ve alloy 
and aluminum, and braze we!liné. 
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"This Is Resistance Welding,” 
G.E's full-color movie explain- 
ing what resistance welding 
is, and where and how it has 
improved production. Your 
nearest G-E office, local 
utility, or resistance welding 
machinery manufacturer will 
be glad to arrange a free 
showing for you. 


\ 
-asse™ 
2. al 
3. Contre lines of 
hese letins 
mation ont bul 
For more controle 
GE 699 and GEA 
GE 


GENERAL ELECTRIC 


ADVERTISING 


one 
of © inet 
e 
operat? 


Apparatus Department, Sec. D645-44 

General Electric Company 

Schenectady 5, N. Y. 

Please send me your free bulletins on the new lines 

of G-E welding controls: 

GEA-4699, Synchronous Precision Controls for 
Spot and Projection Welding 

[] GEA-4726, Nonsynchronous Electronic Controls for 
Spot and Projection Welding 


Name 
Address 
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“Marquette” Night was held on No- 
vember 10th, with Dr. F. W. Scott, Maa- 
ager’of its Electrode Plant, speaking on 
“Electrodes.”” The company’s motion 
picture, ‘‘Metals in Motion,” showing the 
construction of a.-c. welding machines, the 
production of welding electrodes and some 
field pictures, was shown. In addition, 
Reid-Avery Co.’s high-speed technicolor 
motion picture of the welding arc was 
shown. The Marquette Mfg. Co. was 
host at the fellowship period preceding 
dinner. 

The Northwest Section in cooperation 
with the University of Minnesota will co- 
sponsor a ‘‘Welding Institute’? November 
24th, 25th and 26th, at the Center for 


* Continuation Study at the University. 


The Institute will be built around four 
basic subjects, namely: Metallurgy and 
Metallography; Design; Stress Analysis; 
and Cost. Among the speakers will be 
members of the Section—T. P. Hughes, 
Assistant Professor of M®chanical Engi- 
neering, U. of M., Dr. Frank W. Scott, 
Manager of Rod Plant, Marquette Mfg. 
Co., and C. M. Underwood, Manager, 
Welding Division, Northern Ordnance, 
Inc. Others will be John Mikulak, Chief 
Welding Engineer, American Car and 
Foundry Co., Berwick, Pa.; L. J. Larson, 
of Allis Chalmers Mfg. Co., Milwaukee; 
J. R. Morrill, assistant to the Vice-Presi- 
dent of the Lincoln Electric Co., Cleve- 
land; Dr. Ralph L. Dowdell, Professor 
and Head, Metallurgy, U. of M., H. S. 
Jerabek, Assistant Professor of Metal- 
lography, U. of M.; J. M. Nolte, Dean of 
University Extension, U. of M., and J. J. 
Ryan, Associate Professor of Mechanical 
Engineering, U. of M. 


NORTHWESTERN PENNSYLVANIA 


Regular monthly meeting was held on 
Tuesday evening, October 28th, at the 
Erie Y.M.C.A. Speaker of the evening 
was A. M. Setapen, Manager, Engineering 
Division of Handy & Harman, New York, 
whose subject was “Silver Brazing in 
Modern Manufacturing.’”’ Mr. Setapen’s 
lecture was illustrated with a large number 
of slides showing applications of the proc- 
ess and equipment necessary for heating 
and jigging for quick production. 


OKLAHOMA CITY 


Dinner meeting was held on Wednesday, 
October 8th, at the ‘‘Hoof to Horn” 
Restaurant. Preliminary speaker on the 
program was Oklahoma City Fire Chief 
G. R. McAlpine, who talked on the sub- 
ject of “Fire Prevention Week.’”’ His 
talk was well received. Two further pre- 
liminary speakers played a part in the pro- 
gram prior to the technical session. K. B. 
Banks, of the Black, Sivalls & Bryson Co., 
read a paper on the subject of ‘‘Preventing 
Welding and Cutting Fires.’"” Mr. Banks 
was followed by A. O. Story, of the Fire 
Appliance and Supply Co., who demon- 
strated various types of gas, liquid and 
powder types of fire extinguishers. Tech- 
nical program started at 8:45 P.M. with 
the presentation by Harlan W. Cardwell, 
Jr., of Cardwell Manufacturing Co., Inc., 
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of the subject, “‘Manufacture and Market- 
ing of Heavy Oil Field Equipment.”” The 
lecture was accompanied by a color movie 
of oil field equipment in operation. 

A five-day lecture course, starting on 
Monday, November 3rd, covered the 
following subjects: Fundamentals of Arc 
Welding; Design of Welded Machinery; 
High-Speed Production Welding; Struc- 
tural Welding; and the last evening of the 


course was a combination Lecture-AMERI- , 


CAN WELDING Society Business Meeting- 
Open Forum. The course was presented 
by Robert H. Davies, of the Lincoln Elec- 
tric Co., Cleveland, Ohio. 


PHILADELPHIA 


Dr. G. E. Claussen, Research and Weld- 
ing Engineer, Reid Avery Co., was the 
speaker at the October 20th meeting held 
at the Engineers’ Club. Dr. Claussen’s 
subject was ‘“‘Metallurgy of Welding.”’ 

A series of meetings called the Special 
Activities Group meetings are being held 
under the auspices of the Philadelphia 
Section, with the idea of presenting an 
opportunity for the exchange of experi- 
ences and viewpoints on special welding 
problems. Discussion by the audience is 
a good part of this series of meetings. 
The following are the dates and subjects of 
these meetings: November 7th, Resist- 
ance Welding; December 5th, Factors 
Affecting Fractures of Metals; February 
6th, Automatic Welding Applications; 
March 5th, Resistance Welding; April 
2nd, Metallurgy for Welders; and May 
7th, Resistance Welding. 


PITTSBURGH 


The October meeting was held on the 
15th in the Auditorium of the Mellon 
Institute of Industrial Research. A. T. 
Waidelich, Assistant Director, Research 
Division, The Austin Co., Cleveland, Ohio, 
discussed the ‘‘Austin H-Section Welded 
Truss” which was developed in the Re- 
search Division of the Austin Co., has had 
widespread use, and is of particular inter- 
est to welding engineers, simce it was 
developed specifically for welded fabrica- 
tion. A sound film was shown illustrating 
the development of this truss and also the 
extensive test program including full size 
loading test of a 50-ft truss carried to fail- 
ure, and SR4 Strain Gage tests of 80-ft 
trusses. 

The program of meetings for the re- 
mainder of the season is as follows: 


Nov. 19, 1947——‘‘Pressure Vessel Sym- 
posium,’’ R. B. Lincoln, Chairman, 
Director of National Weld Testing 
Bureau, Pittsburgh Testing Labora- 
tories. ‘‘Materials,’’ W. P. Gerhart, 
Metallurgical Engineer, Bethlehem 
Steel Corp. ‘Design and Fabrica- 
tion of Large Pressure Vessels,”’ E. W. 
Forker, Vice-President, Blaw-Knox 
Division, Blaw-Knox Co. “Design 
and Fabrication of Small Pressure 
Vessels,”” C. E. Johnson, Product 
Engineer, Scaife Co. “Inspection and 
Tests,” Paul Cassidy, Chief Boiler 
Inspector, Hartford Steam Boiler 
Inspection and Insurance Co. 

Jan. 21, 1948—‘‘Jigs and Fixtures for 
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Welding,” Leslie S. McPhee, Welding 
Supervisor, Whiting Corp., Harvey 
Ill. 

Feb. 18, 1948—“Resistance Welding,” 
F. A. Bodenheim, Federal Machine 
and Welder Co., Warren, Ohio. 

Mar. 17, 1948—‘‘Metallizing as Applied 
to Industry,” D. C. Boltz, Sales En- 
gineer, Metallizing Engineering Co,, 
Long Island City, N. Y. 


ROCHESTER 


Regular monthly meeting was held on 
Thursday, November 6th, in Room 210, 
Engineering Building, University of Roch- 
ester. Cafeteria style dinner preceded 
the meeting. L. W. Williams, Welding 
Engineer, Lukens Steel Co., presented an 
address on “The Manufacture and Fabri- 
cation of Clad Steels.”” Double feature 
movies were shown. One was a novelty 
for the entertainment of members and the 
education of chairmen—past, present and 
future. The other was “Head Work,” 
a sound picture on spinning and pressing 
of tank heads—shown through the cour- 
tesy of Lukens Steel Co, 


SAN FRANCISCO 


The October meeting was held on Mon- 
day, the 27th, at the Engineers’ Club. 
G. A. Hughes, Senior Welding Engineer, 
U. S. Naval Dry Docks, Hunters Point, 
San Francisco, spoke on the subject, 
“Fabrication and Welding of High Pres- 
sure Steam Piping.’”’ A sound motion 
picture ‘‘Operation Crossroads,”’ the U. S. 
Navy’s official record of their experiments 
at Bikini Atoll, was shown. 


SOUTH TEXAS 


The Welding Laboratory of the Univer- 
sity of Houston was the meeting place for 
the October 10th meeting. Paul H 
Butterfield, of the Big Three Welding 
Equipment Co., Houston, discussed the 
development of the Stud Welding gus, 
and illustrated the various applications t 
which it has been adapted. All presen! 
were given an opportunity to actually 
weld one of the studs as a demonstration 
of the simplicity yith which the machine 
operates, and samples of weldments show 
ing various applications were presented by 
Mr. Butterfiled. 


SYRACUSE 


Dinner meeting was held at the # 
Syracuse on October 15th. Mr. LaMott 
Grover, of Air Reduction Co., presemte: 
an address on “Structural Welding 
which was very well received. A film 
entitled ““Luken Weld” was also presem'®" 
and enjoyed. 


otel 


WASHINGTON 


Due to the small number of local indus- 
tries around Washington, and due t re 
presence of many governmental agen’ 
interested in the development and applica: 
tion of welding, the memberslip of - 
Washington Section has been 
nantly government employees. 
entirely natural but there are many 
mercial representatives in Washington and 

(Continued on page 1164) 
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For maximum detail visibility 
with better radiographic contrast... 


with fine quality 
KODAK CHEMICALS 


To get all the quality available in your Kodak 
industrial x-ray film ... to bring out the greatest 
range of detail visibility with the high degree 
of contrast required . . . you need the Kodak 
developers and replerfshers that have been es- 
pecially formulated for Kodak x-ray films. 


Kodak x-ray processing chemicals enable you 
to get the best from your film. They have the 
reserve power necessary to handle the heavier 
emulsions of x-ray films . . . to process more films 
per solution . . . to “step up” processing speed 
when overloads hit the developing department. 


Other reasons for standardizing 
on Kodak Processing Chemicals 


You simplify your darkroom problems . . . be- 
cause the high standard of chemical purity and 


EASTMAN KODAK COMPANY vivision, rochester 4, N. ¥. 


ak 
¥-pay 
REPLENISHER 


the uniformity of Kodak processing chemicals 
enable you to establish procedures you can de- 
pend on for consistently uniform results. 


You. simplify your purchasing problems. . . 
because you can get any liquid or powdered 
x-ray developer, fixer, replenisher, or auxiliary 
chemical you need . . . in convenient sizes. . . 
from Kodak’s complete line of prepared x-ray 
processing chemicals. 


Order your Kodak x-ray processing chemicals 
from your local x-ray dealer. 
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STANDARD WELDING SYMBOLS AND RULES FOR THEIR USE 
(67 pages, published by the American Welding Society) 


The new edition (1947) of Standard Welding Symbols and Rules for Their Use will enable users to obtain a more thorough 
and rapid understanding of the fundamentals involved and their application. 
changes, but are now presented in a more precise and explicit manner, to enable users to more readily understand their use. 

Several other features of interest are the withdrawal of the use of the terms ‘‘far side’ and ‘‘near side,’’ the addition 
of 45 illustrations of the various applications of welding symbols, adaptation of the standard symbols to 34 welding processes 
now in use and a compact, one-sheet summary of the use of the welding symbols. 

Copies may be obtained from the AMERICAN WELDING Socrety, 33 West 39th Street, New York 18, N. Y., at fifty 


TECHNICAL ACTIVITIES COMMITTEE 
By H. W. Pierce, Chairman 


At the last annual report of the Tech- 
nical Activities Committee, the Socrety, 
in common with industry, was in the 
transition period from wartime to peace- 
time activity. Technical Committee proj- 
ects were being re-evaluated, and neces- 
sary changes in personnel, scope and pur- 
pose were under way. During the past 
year these matters have been largely ac- 
complished and the work is going ahead 
with satisfactory speed. 

Considerable success has attended the 
effort also launched during the war to 
familiarize the Socrety’s membership with 
the technical activities and the wealth of 
technical data at each member’s disposal. 

To avoid some duplication of effort and 
to fully employ the resources and person- 
nel of the technical committees, the Tech- 
nical Secretary assumed the Editorship of 
the Welding Handbook, undet the direction 
of the Handbook Committee, in addition 
to the regular tasks of the Technical Sec- 
tion. The progress of this activity will 
naturally be reported by the Handbook 
Committee. 

In June, the Committee received the 
resignation of L. M. Dalcher as Technical 
Secretary, which was accepted with much 
regret. Since his return from military 
service, Mr. Dalcher has directed the ac- 
tivities mentioned above with success, and 
the Committee wishes him well in his new 
association in industry. Fortunately, the 
post could be filled at once by promotion of 
S. A. Greenberg from Assistant Technical 
Secretary to Technical Secretary. Mr. 
Greenberg is well known to those who have 
served on Technical Committees, and his 
ability and competence have been fully 
established by his conduct of the office as 
Acting Technical Secretary during the 
military service of his predecessor. Ob- 
taining competent assistance in the office, 
now carrying the dual burden of increased 
Committee work and the preparation of 
the Welding Handbook, remains an urgent 
problem. 


Administration of Technical Activities 
During the past year, additional con- 
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sideration’ has been given to means for 
bringing the, codes, standards and recom- 
mended practices prepared by the tech- 
nical committees of the Society, to the 
attention of a greater number of the So- 
CIETY’s members. Two major plans were 
adopted. A program was established 
whereby publicity would be given to the 
publications of the Socrety at meetings of 
local Sections. Releases on the various 
codes, standards and specifications are 
being prepared for reading at local Section 
meetings. In addition, Liaison Officers 
have been appointed in six local Sections. 
These Liaison Officers will be apprised of 
all technical committee activities which 
may be of interest to the members of their 
local Sections. These Liaison Officers 
will further serve the members of their 
local Section by directing inquiries to the 
Technical Secretary and by passing along 
suggestions received relating to the activi-_ 
ties of the technical committees. If this 
plan proves effective in the six Sections, it 
will be expanded to include all local Sec- 
tions of the Society. 

The other plan which has been put into 
effect during the past year provides for 
personnel contact with members of the 
Society through visits of the technical 
staff of the Socrtety to local Sections. 
During this past year, the Technical 
Secretary of the Sotrrty has visited about 
15 local Sections. Plans will be made for 
additional visits during the forthcoming 
year. 

During the past year there has been an 
increased demand for cooperation with 
technical organizations of foreign coun- 
tries. The Socrety has continued to fur- 
nish its codes, standards and specifications 
to these foreign organizations on an ex- 
change basis. 


Appointment of New Committees e 


A Committee on Methods of Inspection 
has been organized superceding the exist- 
ing Committee on Non-Destructive Tests 
for Welds and the Committee on Recom- 
mended Practices of Weld- 
ing. Organization of this Committee has 
been completed and the first meeting was 
held on Nov. 21, 1946, when plans were 
formulated for future activities. 
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The basic rules rémain intact with few 


Reorganization of Existing Committees 


Committee on Standard Tests for Welds — 
In view of the organization of the Com. 
mittee on Methods of Inspection, it was 
found necessary to revise «the title and 
scope of the Committee on Standard Tests We 
for Welds to provide proper distinction be- 
tween the function of this Committee and 
the new Committee on Methods of Inspec- Sa 
tion. On this basis, the title of the Com- 
mittee on Standard Tests for Welds was 
changed to “Committee on Standard 
Mechanical Tests for Welds”’ with the fol- 
lowing scope: 

Scope: It is the function of this Com- 
mittee to develop standard methods of 
mechanical testing of welds for adoption 
by code- and specification-writing bodies 
and for general use; to aid in coordinating 
standard test methods as proposed }y 
other bodies. 

Committee on Pressure Pipgng.—luvest- 
gation of the reorganization of the Com- 
mittee on Pressure Piping undertaken 
the previous year was continued during the 
past year. As a result of the invest! 
gation, it was decided to reorganize the 
Committee to encompass all activities re 
lating to piping. Reorganization 4 
finally approved on May 15, 147, after 
several conferences with interested parties 


Tus 


involved broadening of the Committees welder 
personnel to include members interested 
all aspects of the welding of piping an¢ compa, 
tubing, a change in title to “Committee om antl | 
Welding of Piping and Tubing” 4 
change in scope as follows: ‘wi fo 
Scope: This Committee is concerned ank c 
with the formulation of safe, sound and the arc 
progressive practices in the welding 0! P'! perat 
ing and tubing for all applications ex’?" nd dy 
structural. The Committee serves climin 
bring together the representatives of in- terfere 
terests active in this field, for 4 mutual matic 
interchange of information, for the sti Th 
lation of new activities and for the widest 2 ‘i 
possible dissemination of existing welding tical 


knowledge. 

Invitations have been sen! 
viduals proposed for membe! 
reorganized Committee. As soo" 
acceptances have been receiv«\!, plans 
be formulated for the first me: 

(Continued on page 110”) 


to all indi- 
hip on the 


| 
ma 
$2 
af 
p 
ay 
Ve 
4 
2 
1947 


...or other ‘difficult’ metals such as 
magnesium, stainless steels, copper 
alloys, Fernico, Inconel, etc. 


Wont fast, fine-looking welds with 
mininium distortion .. . free from 
oxidation... and without flux ? 


Want to conserve tungsten... 
save gas...use less power? 
dard 
e fol- 
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after 
sts THis NEW Type Inere-Arc 
ttee’s welder is a completely self-contained 


venient outlets. iy current is 
power unit. Built into this single, 


controlled to any desired setting by 
turning a handle on top of the weld- 


red in 


‘eon fa O™pact welding set are: welding er. An indicator scale on the front 
nd a transformer—control panel—capaci- of the case shows the current setting. 

tors for power factor correction—a An “‘off-on’’ switch, mounted on the 
erned dank of series capacitors to stabilize | welder, makes it convenient to shut 


‘ne arc—a pilot spark circuit, which 
erates for only a fraction of a sec- 
oe curing starting of the arc, thus 
objectionable radio in- 
terterence 

“atic water and gas solenoid valves. 
widest he entire assembly is enclosed in 
ser drip-proof case, with elec- 
“4' terminals brought out to con- 


down the set when the job has been 
completed. A three-wheeled running 
gear, to make the set easily portable, 
is optional. 

After initial adjustments have been 
made, all components of the welder 
are operated (through a control pan- 
el built into the set) by means of a 
simple foot-treadle switch supplied 


gt BUILT FOR YOU... COMPLETE... COMPACT ... CONVENIENT | 


with the welder. This switch enables 
the operator to start or stop the cur- 
rent to the electrode holder—purge 
air from the gas hose and electrode 
nozzle prior towelding—change elec- 
trodes or electrode adjustment, when 
necessary, without current to the 
electrode holder and without entirely 
shutting down the machine. Use of 
the foot-treadle switch also permits 
gas and water to flow in order to let 
the hot tungsten electrode cool 
off without oxidizing. An automatic 
crater filler is optional. 

For more detailed information 
about the Inert-Arc process and the 
new Inert-Arc welder, see your G-E 
Welding Distributor. Or write for 
G-E bulletin GEA-4704. Apparatus 
Department, General Electric Company, 
Schenectady 5, N.Y. 
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@ Outstanding welding performance and service is the mort mt 
General Electric’s new WD-40 series of heavy-duty — wipe 
Operating at 3500 rpm, these full-capacity NEMA-rate pers 
provide the same advantages of durability and geal bar 
nance long associated with G-E welders; in addition, : ae * 
performance is superior in many ways. The arc is easily s dl 
maintained, and steady welding current is provided over 
current range. 


-40 line is 
Available in 200-, 300-, and 400-ampere ratings, the Pe wddied 
described in detail in bulletin GEA-4852; ask your G- | 
Distributor for your copy. 


“A-C or D-C ... there’s G-E arc-welding 
equipment for virtually every application!" 
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Other W-32 CHARACTERIS- 
TICS: Elimination of underbead 
cracking on hardenable steels. 
Substantial reduction of hydro- 
gen content of the weld metal 
produces welds that can be suc- 
cessfully enameled without heat 
treatment. 

Marked decrease in tendency for 
surface holes to occur when base 
metal is high in sulphur content. 
Excellent appearance of finished 
welds. 

Spatter is minimized, deposition 
efficiency is high, and penetra- 
tion is adequate but not exces- 


W-94—This recently introduced 
electrode is particularly designed 
lo provide unusual resistance to 
shock and severe abrasion. Op- 
erating on either reverse polarity 
d-c, or a-c, its deposits will work- © 
harden to a minimum of 50 
Rockwell C scale. 


Many other special-purpose elec- 
trodes are also available. 


rk of 

ers. 
id STAINLESS STEEL—Whatever 
hines your stainless application, you'll 
ainte- likely find an electrode to do the 
ding ob better from among the com- 
: plete G-E line of 27 types of 
k and stainless steel electrodes—avail- 
broad able in two coatings, lime-type 


for d-c operation and titania-type 
for a-¢ or d-c, 


ine is 
ding 
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sive; reverse polarity d-c or 


THESE EASY-TO-USE ELECTRODES 


W-32—for welding formerly “hard-to-weld” steels—a lime- 
ferritic electrode especially developed for production weld- 
ing of cold-rolled, high-carbon, and high-sulphur steels, and 
steels of high hardenability which are susceptible to under- 
bead cracking. Stable arc characteristics provide good direc- 
tional control. 


While comprising only a part of the 
complete line of General Electric 
arc-welding equipment, electrodes, 
and accessories, WD-40 welders and 
these electrodes are designed to pro- 
vide maximum performance on those 
welding applications for which d-c 
is best suited. Call your G-E Ar- 
welding Distributor for a demonstra- 
tien —of these, or anything else in 
the G-E welding line. Apparatus 
Department, General Electric Company, 
Schenectady 5, N. Y. 
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Discharge of Technical Committees 


Two technical committees» were dis- 
charged during the past year: 

Thée Committee on Large Welded Pipe 
for Hydraulic Purposes was discharged and 
its function assigned to the reorganized 
Committee on Welding of Piping and Tub- 
ing. 

Upon recommendation of the Com- 
mittee’s membership, the Aircraft Welding 
Committee was dissolved. Activities in 
the aircraft industry will be forwarded in 
the future through representation of the 
Aircraft Industries Association on the 
various technical committees of the So- 
CIETY. 


Publication of Standards 


New Standards.—During the past year 
the following new standard was approved 
and published by the Society: ‘‘Tentative 
Specifications for Corrosion-Resisting 
Chromium and Chromium-Nickel Steel 
Electrodes.” 

Revised Standards—During the past 
year the following existing standard was 
revised and published: “Standard Speci- 
fications for Welded Highway and Railway 
Bridges.”’ 

Standards to Be Issued Shortly.—A re- 
vised edition of the “Standard Welding 
Symbols’”’ is now being set in type.and will 
be issued some time in September. 


Cooperation with Government A gencies 


The Socrety’s technical committees 
have continued to render their fullest 
assistance to government agencies request- 
ing assistance in welding matters. Among 
the agencies with which the technical com- 
mittees have cooperated are the Depart- 
ment of Agriculture, U.S. Army Ordnance 
Department, U. S. Army Transportation 
Corps, U. S. Navy Department and the 
Veterans’ Administration. 


Cooperation with Other Organizations 


There has been continued cooperation 
with other organizations concerned with 
the formulation of standards and speci- 
fications for welding. Such cooperation 
has been through the appointment of 
A.W.S. representatives and through the 
furnishing of publications of the Society 
for use in formulating the standards of these 
other organizations. Among the organi- 
zations with which the Socrety has co- 
Operated are the American Standards 
Association, Canadian Standards Asso- 

“ciation, Standards Association of 
Australia, American Society of Tool Engi- 
meers and Heating, Piping and Air Con- 
ditioning National Contractors Asso- 
ciation. 


Adtions on Code Provisions for Welding 


The Technical Activities Committee has 
endeavored to assist code-writing bodies 
and government authorities in the formu- 
lation of suitable standards for welding. 
In some instances, out-dated provisions 
have been retained in existing codes and 
these have resulted in imposing undue re- 
strictions on users of welding. Where 
such conditions have come to the attention 
of the Society, steps have been taken to 
promote adoption of more suitable pro- 
visions. In the field of building construc- 
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tion, there has been considerable activity 
in assisting municipal building officials in 
bringing their building code requirements 
up todate. Asa result of the Socrety’s 
efforts the specifications governing high- 
way and railway bridges are being brought 
up to date to provide proper provisions for 
welding based on the Socrety’s Speci- 
fications for Welded Highway and Railway 
Bridges. 

There are numerous other instances in 
which the Socrery has assisted in a similar 
manner. Members of the Socrety have 
been requested to notify the Technical 
Secretary of any existing provisions which 
impose undue restrictions upon the proper 
application of welding. In each instance, 
an investigation will be made and steps 
taken to alleviate the condition. 


Conclusion 


The information contained in this report 
has necessarily been brief. Where further 
information on a particular activity is de- 
sired, reference may be made to the annual 
report of the individual committee con- 
cerned. These annual reports also de- 
scribe the other ‘work now in progress. 

The Technical Activities Committee 
considers that the accomplishments of the 
technical committees in the past year re- 
flect creditably upon the Society and upon 
the welding industry as a whole. The 
published standards, particularly, are evi- 
dence of the ability of the Society to 
render service to the technical needs of the 
nation’s industry. In submitting this re- 
port, we wish to make grateful acknowl- 
edgment to those who are serving on the 
Socrety’s technical committees, whose 
continued efforts have made these accom- 
plishments possible. 


A.W.S.-Army Ordnance Advisory Com- 
mittee (R. W. Clark, Chairman) 


Scope.—This Committee assists on 
specially assigned welding projects as re- 
quested by the U. S. Army Ordnance De- 
partment Welding Committee, to meet 
their needs. 

Meelings.—One meeting was held in 
September 1946 and it was then agreed 
that one committee meeting a year would 
be sufficient and it would be held in Sep- 
tember of each year. There were no 
formal subcommittee meetings held. 

Work in Progress—(a) ‘Inspection 
Handbook for Oxy-acetylene Welding.”’ 
A draft has been prepared and submitted 
for comments and is now in the Secretary’s 
hands for preparation of final draft and will 
be submitted to the committee prior to its 
next meeting in September. 

(b) ‘Inspection Handbook for Resist- 
ance Welding.’”” The A.W.S. Resistance 
Welding Committee has accepted the re- 
sponsibility of preparing an Inspection 
Handbook on resistance welding. They 
have submitted an outline which was ap- 
proved by this committee and are now pre- 
paring a draft of the Handbook. (See 
Resistance Welding Committee for prog- 
ress on this project.) 

(c) ‘Inspection Handbook for Brazing.’ 
The A.W.S. Brazing Committee has ac- 
cepted responsibility for preparing an 
Inspection Handbook for brazing. Thisis 
a relatively new committee and has very 
little material available for the Handbook. 
It is hoped that they will have a draft 
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available within the next year. (See Com. 
mittee on Brazing for progress on this 
project.) 

(d) An outline of factors that must be 
specified and controlled for proper appli- 
cation of a welding process hasbeen pre- 
pared by a subgroup and will be considered 
at the next meeting of the committee, 
This project is in connection with the basic 
problems involved in writing welding ap- 
plication specifications. 

(e) The Secretary of this committee has 
assisted the Ordnance Department in get- 
ting inidustry’s comments on a number of 
proposed specifications. 

It is planned to continue with the prepa- 
ration of the Inspection Handbooks listed 
above and the committee will be available 
to assist with any specific projects pre- 
sented by the Ordnance Department. 


A.W.S. Automotive Welding Committee 
(C. D. Evans, Chairman) 


The first meeting of the Executive Sub- 
committee of the Automotive Welding 
Committee was held Nov. 16, 1944, at 
which time the scope of activities of the 


* Committee and the proposed membership 


was approved. 

After approval of the formation of this 
Committee by the Technical Activities 
Committee, invitation to membership was 
extended by the New York office. The 
proposed representation of this committee 
was at that time listed as follows: 

“At least one representative of each of 
the larger automobile organizations, a 


‘ representative from each of the independ- 


ent automotive manufacturers and repre- 
sentatives of those subcontracting fabri- 
cators who supply the automobile indus- 
tries with appreciable quantities of welded 
assemblies.”’ 

At that time it was determined that an 
executive committee of not more than five 
members would be formed, all of whom 
would be drawn from the above-mentioned 
group, and no two of which would be from 
the same organization. The Chairman of 
the Executive Committee also functions as 
the Chairman of the committee as a whole. 

The first general meeting of the Com 
mittee was held on Mar. 14, 1945, at which 
time J. M. Diebold was elected Chairman, 
C. D. Evans, Vice-Chairman and S. A. 
Greenberg, Secretary. 

The scope of the AMERICAN WELDING 
Socrety Automotive Welding Committee 
has been established as follows: 

“This Committee brings into one group 
representatives of all automotive industry 
in order to provide a concerted effort to 
ward the solution of welding problems 
which arise in this industry. It serves t© 
establish standards for arc-, gas- and re- 
sistance-welding procedures related 1? 
sheet metal production. The Committee 
also provides a free exchange ©! ideas 
among welding men in the automotive! 
dustry.” 

Since the last annual report the gen ral 
committee has met on the following dates 
Oct. 3, 1946, Dec. 5, 1946, Mar. ©, 194/, 
and May 23, 1947. The work of the —_ 
ous subcommittees has generally bee” 
done by mail, and there have been no = 
mal subcommittee meetings t 
past year, although various mem: rs we 
made personal contact conceriins su 
committee activities. 
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The December 5th meeting was held at 
the Ford Motog Co.’s River Rouge plant, 
at which time the committee spent half of 
the day visiting the various welding de- 
partments and the foundry. The May 
23rd meeting was held at the A. O, Smith 


Corp. in Milwaukee, and the Committee- 


visited the frame line and the pipe plant, as 
well as their laboratories. 

During the past year, the Automotive 
Welding Committee has completed its 
project of compiling a set of abridged weld- 
ing symbols for use by automotive plants. 
This project was for the purpose of de- 
veloping a simplified set of welding sym- 
bols, based on the Socrety’s symbols, in 
which only the symbols generally utilized 
by the automotive industries are included. 
After completing these symbols they were 
distributed to the members of the Com- 
mittee for their information and use within 
their own companies. 

The present status of the existing proj- 
ects being considered by the committee are 
listed below, giving the pertinent data as 
to the present status of each. 

1. Automotive Automatic Welding Proc- 
esses. —A final report has been submitted 
to the membership of the Committee and 
approved. At the present time, the paper 
is being edited prior to submitting it to the 
Technical Activities Committee for ap- 
proval. The title of this report finally 
determined upon is “Survey of Automatic 
Welding Precesses.”” After the accord- 
ance of the Technical Activities Com- 
mittee, it will be published in THE WELpD- 
ING JOURNAL for comments preliminary to 
final publication. 

2. Automotive Welding Power Sup- 
bly —Action on this project has been de- 
ferred at the time of the last annual re- 
port, but due to the interest of the com- 
mittee in resistance welding power supply, 
a subcommittee has been appointed for 
the purpose of developing information on 
this subject. 

3. Spot Weldability of Mild Steel.—A 
preliminary report has been submitted to 
the Committee establishing a test pro- 
edure for checking the spot weldability of 
mild steel. The committee’s comments 
have been obtained and this report has 
been revised in accordance with their de- 
sires. It is now contemplated that repre- 
sentatives of the Committee will try out 
this test procedure during the coming year 
to determine whether or not it is feasible 
a practical basis. After sufficient in- 
formation has been obtained, the report 
will be revised and completed in accord- 
ance with their findings. 

4. Cast and Malleable-Iron Welding.— 
A Prelimin iry report has been submitted 
tothe Committee. This report has been 
‘Pproved, with the exception of a request 
mmr that certain diagrams be 
“waiter which it will be submitted to 
Activities Committee for ap- 
TAC & ter the accordance of the 
- it will be printed in Tue WELDING 


ic — ‘or comments prior to final pub- 


Spot-Welding Strength Standards.— 
» Preliminary report is, at the present 
ue, being prepared for distribution to 


the Cg i i 
vamittce for their comments. In- 
‘smuch as this ; 


discussed > program has been widely 
ae at the Committee’s meetings it is 
ed that this report will meet with 
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their approval with a minimum of changes, 

and should be completed in the near fu- 

ture. 

6. Arc-Welding Electrode Standards.— 
The Automotive Welding Committee has 
cooperated with the A.W.S.-A.S.T.M. 
Committee on Filler Metal in the writing 
of specifications for surfacing electrodes. 
It has also taken part in the development 
of the usability test for the E6013 classi- 
fication. 

7. Spot-Weld Tips Standards.—During 
the past year representatives of the main 
committee have tested a number of sample 
tips and holders employing a 1'/, in. per 
ft. taper angle. While the results of these 
tests appear to indicate that there is con- 
siderable improvement over the standard 
Morse taper, it is the Committee’s opinion 
that they should be tried on a production 
basis prior to any major changeovers. 
Therefore, several of the members are 
arranging to set up complete departments 
or small plants with the new taper angle 
for production runs extending for approxi- 
mately one year, after which the Com- 
mittee’s recommendations will be made. 

8. Spot Welding of Coated Steel.—Due 
to the interest of members of the Com- 
mittee in the seam welding of terne plate 
as utiljzed for fuel tanks, this subcom- 

mittee has collected a considerable amount 
of data as to the procedures being used in 
the automotive industry. It is expected 
that more data will be received concerning 
this subject in the near future, after which 
the subcommittee will present a report to 
the Committee of its findings. In the 
meantime, the Resistance Welding Com- 
mittee’s activity on the spot welding of 
coated steels is being closely followed by 
the Automotive Welding Committee 
through their representative on the Re- 
sistance Welding Committee. 

9. Standards for Resistance-Welding 
Equipment.—The Committee’s prelimi- 
nary comments on the American Stand- 
ards Association War Standards on resist- 
ance-welding machines and _ resistance- 
welding controls have been obtained. 
The subcommittee’s report on this subject 
led to considerable discussion concerning 
various details of the standards and further 
comments are, at the present time, being 
made by the members of the subcom- 
mittee. 

Due to the amount of work involved in 
completing the projects at the present time 
under consideration, it is not contemplated 
that the Committee will undertake any 
new activities during the coming year. It 
is expected that project Nos. 1 and 4 will 
be completed with the next year. 

In addition to the above activities repre- 
sentatives have been appointed to the 


following A.W.S. Committees for co- 
ordination: 


1. A.W.S. Committee on Definitions 
and Charts. 

2. A.W.S. Resistance Welding Com- 
mittee. 

A.W.S. Brazing Committee. 

A.W.S. Committee on Filler Metal. 

A.W.S. Committee on Symbols. 

A.W.S. Committee on Methods of 
Inspection. 


Or 


A.W.S. Committee on Brazing (J. R. Wirt, 
Chairman) 


This Committee was organized some 
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three years ago with the following scope: 

The Committee on Brazing is concerned 

with the establishment of standards and 

recommended practices for the various 

brazing processes. These activities in- 

clude data on design, fabrication practices, 

inspection practices and test methods, defi- 

nitions and symbols, as required for the 

various applications of these brazing 
processes. 

The Main Committee held one meeting 
on Sept. 8th and 9th at which considerable 
progress was made teward changes in the 
outline of the ‘‘Inspection Handbook for 
Brazing.”’ The progress on this work has 
been slow due to the necessity for changing 
the concepts of the other Technical Com- 
mittees regarding the Brazing Processes 
and their relation to the various welding 
processes. 

This change is evidenced by the chang- 
ing of the definition of a weld and various 
other of the definitions used to describe 
both welding and brazing processes. This 
work has been carried on by joint action of 
the Brazing Subcommittee on Nomen- 
clature and Definitions and the large com- 
mittee on Nomenclature and Definitions. 

It has been necessary to change the 
thinking of the members of the Brazing 
Committee to accept the chart of Brazing 
Processés as submitted by the Committee 
oa Definitions and Charts. This change 
meant that the original concept which di- 
vided the Brazing into High Temperature 
and Low Temperature groups with the 
Light*Metals a third group. As now de- 
fined Brazing can be called a welding 
process. 

Several meetings of the four subcom- 
mittees were held to facilitate the change 
in the thinking. As it stands now a large 
part of the Outline for the Inspection 
Handbook for Brazing is obsolete and will 
have to be rewritten. It is the intention 
of the Committee to so cross index the 
Inspection Handbook that it can be used 
as a general Handbook. This committee 
has been cooperating with the A.W.S.- 
A.S.T.M. Committee VIII on Filler Metal. 

The Chairman submitted his resignation 
at the September meeting and an election 
was held in which J. L. Christie was 
elected. 

While the results of our work cannot be 
presented in tangible form considerable 
real progress has been made toward a 
workable standard. 


Committee on Building Codes (T. R 

Higgins, Chairman) 

This Committee was organized to render 
assistance to municipal-and state code- 
writing bodies and building departments in 
the preparation of sound welding require- 
ments for structural steel and other steel 
items in building construction. 

The Committee was first organized in 
1939, and has been responsible for one 
publication, the ‘“‘Code for Arc and Gas 
Welding in Building Construction,”’ which 
has been widely adopted, in whole or in 
part, by municipalities. The latest re- 
vision of this Code was in 1946. 

The Committee has held no meetings 
during the past year. 


A.W.S.-A.S.M.E. Conference Committee 
(C. W. Obert, Chairman) 


The A.W.S.-A.S.M.E. Conference Com- 
mittee has continued during the past fiscal 
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Class AWS-ASTM 
£6012 


Perhaps you can’t avoid poor fit-up work. 
But you can end the production delay and 
trouble by using “PF”. 


“PF” provides faster welds because the 
weld metal “sets up fast’’— solidifies more 
rapidly — high heat does not change this 
characteristic. As a result, you have less. 
bead crown, less finishing. “PF” is also an 
ideal electrode for vertical or overhead 
work. Use “PF”, the electrode that “sets up 


faster” —it will save you time and money. 
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Our representative can help you material- 


ly with poor fit-up problems — call him 
or write us. 


Whatever your Electrode 
needs... call on Pal 


P&H is one of America’s largest users, 
as well as makers, of arc welding 
equipment. This assures you top-per- 
forming, cost-cutting electrodes in all 
classes. Below are only a few types 
of the complete P&H line. Ask for 
Bulletin R7-5 giving full line and 
specifications. 


AWS 
£6010 
“DH-2" 
AWS 


Surfacing 
All Types 


WELDING ELECTRODES 
4551 W. Notional Avenue 
Milwaukee 14, Wisconsin 
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year to cooperate with and assist the A.S.- 
M:E. Boiler Code Committee on its weld- 
ing problems. The membership of this 
Committee has been unchanged so that all 
its members are members also of the Boiler 
Code Committee and thus have first-hand 
knowledge of the welding problems that 
arise. This plan of cooperation appears to 
be effective and meets all needs of both 
groups, so that no change in the personnel 
appears to be desirable. 

The welding problems before the Boiler 
Code Committee at present are few in 
‘number and are concerned with general 
considerations of qualification of pro- 
cedures and operators and of material 
allowances for high-current single pass 
welding. Relative to the latter, a public 
hearing is scheduled to be held soon to 
determine what safety precautions can be 
established to ensure satisfactory welding. 


A.W.S.-A.W.W.A. Committee on Speci- 
fications for Field Welding of Steel Water 
Pipe Joints (W. W. Hurlbut, Chairman) 
The Committee’s scope is the prepara- 

tion of Standard Specifications for Field 

Welding of Steel Water Pipe Joints. The 

Committee was formed Sept. 29, 1942. 

Since that time, three formal meetings of 

the Committee have been held—Cleve- 

land, Ohio, 1943; Milwaukee, Wis., 1944; 

and San Francisco, Calif., July 20, 1947. 

The Committee’s activities required vol- 

uminous correspondence from the date’ of 

its initiation up to the present time. The 

Commnittee’s activities have resulted in the 

publication of the Tentative Standard 

Speciffeations for Field Welding of Steel 

Water Pipe Joints, American Water Works 

Association Designation 7A.8-T, AmERI- 

CAN WELDING Society Designation D7.0- 

46T, such specifications being approved by 

the Board of Directors of the American 

Water Works Association on Jan. 10, 1946 

and by the Board of Directors of the 

AMERICAN WELDING Society on Oct. 30, 

1945. 

At the present time, revisions are being 
considered to the present Tentative Speci- 
fications, which were discussed at the com- 
mittee meeting held on July 20, 1947, in 
San Francisco. 


Coordinating Committee on Research (R. W. 
Clark, Chairman) 


This Committee was organized in May 
1944 with the following scope: 


1. To develop research problems, as 
needed, for the furtherance of A.W.S. tech- 
nical standardization activities. 

2. To submit programs of research on 
these problems to the Welding Research 
Council. 

3. Tointerpret the data thus obtained, 
as they were developed, for use by the 
technical committees. 

On Oct. 10, 1946, R. W. Clark was ap- 
pointed Chairman to replace H. O. Hill 
who had resigned. At that time question 
arose regarding the desirability of con- 
tinuing this Committee and it was sug- 
gested that the Committee could serve in 
the following way and should therefore be 
continued : 

1. Transmit suggestions for research 
projects when received from one of the 
A.W.S. technical committees. 

2. Writea letter to each technical com- 
mittee about once a year, calling attention 
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to the existence of the A.W.S. Coordinat- 
ing Committee on Research and inviting 
the committees to submit their suggestions 
for needed research. 

3. Review the quarterly progress re- 

ports of the Welding Research Council 
and call to the attention of the Chairman 
of the appropriate A.W.S. technical com- 
mittee any new information believed to be 
of particular interest to that committee. 
If the Chairman then should decide that 
he would like copies sent to all members of 
his Committee the Coordinating Com- 
mittee on Research can see that this is 
done. 
It was requested that the Technical Ac- 
tivities Committee consider the above new 
objectives and decide what further action 
this Committee should take. 

This request was considered at a meet- 
ing of the Technical Activities Committee 
held on Sept. 17, 1947. It was pointed out 
by the Chairman of the Coordinating 
Committee on Research that the objec- 
tives set forth for this committee when it 
was organized have not been realized since 
research projects of interest to A.W.S. 
Technical Committees were generally 
presented to the appropriate W.R.C. 
Committees through those serving as 
members of both committees. In view of 
the fact that the functions of this Commit- 
tee have not been fulfilled, and with the be- 
lief that the Committee had not served 
any need, the Technical Activities Com- 
mittee voted to recommend to the Board 
of Directors that this committee be dis- 
banded. This action was approved by 


the Board of Directors at its meeting on 


Sept. 18, 1947. 
Committee on Definitions and Chart (R. W. 
Clark, Chairman) 


Scope.—This Committee has prepared 
standaid nomenclature and definitions 
and endeavors by periodic review to keep 
them up todate. It also is engaged in en- 
couraging the adoption of these standard 
definitions by other committees and soci- 
eties as well as by publishers and industrial 
concerns. 

Meetings —The Main Committee held 
one meeting June 10, 1947, to review the 
work of the subcommittees with particu- 
lar reference to the approval of the Master 
Chart and Process Charts. 

The subgroup on the Chart of Processes 
has held approximately eight 2-day meet- 
ings during the past year. At a number of 
these meetings there were also representa- 
tives of the Brazing and Resistance Weld- 
ing groups. 

Work in Progress.—The Master Chart 
and the definitions of terms in that chart 
have been completed and approved by. the 
Main Committee. The Process Charts 
have also been completed. These charts, 
together with an article covering the phil- 
osophy and principles involved, will be 
issued as a committee réport this year. 

The revision of the terms and their defi- 
nitions is well along toward completion by 
the various groups. 


A.W.S.-A.S.T.M. Committee on Filler 
Metal (J. H. Deppeler, Chairman) 


The Joint A.W.S.-A.S.T.M. Committee 
om Filler Metal, through its subcommit- 
tees, has continued the formulation of 
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standards for ferrous and nonferrous fille 
metal. During the past year, the Join 
Committee presented to A.S.T.M. and t 
the A.W.S. a revision of the Tentatiy 
Specifications for Iron and Steel Gas Weld. 
ing Rods and this was published as AS 
T.M. A-251-46T and A.W-S. A-5.2-46T. 

In addition to this, in October 1946, the 
new Tetitative Specifications for Corro. 
sion-Resisting Chromium and Chromiym. 
Nickel Steel Welding Electrodes (A.S7. 
M. A-298-46T; A.W.S. A-5.4-46T) were 
presented and approved. These Specifica 
tions were accepted by the ASTM 
Standards Committee, Nov. 23, 1946, 

During the past year two new subcom. 
mittees of the Filler Metal Specificatiog 
Committee have been formed. One of 
these is Subcommittee VIII on Capillary 
Brazing Materials under the Chairmanship 
of J. L. Christie; another new subcommit 
tee is that of Classification Designation 
under the Chairmanship of R. David 
Thomas, Jr., and this has been called Sub- 
committee X. There is as yet no Subconm- 
mittee IX. 

The detailed reports of the activities of 
these various subcommittees follows: 


Subcommittee I on Iron and Steel Are 
Welding Electrodes (J. H. Deppeler, Chair 
man) held meetings on Sept. 19 and 2, 
1946, at which time it was suggested that 
the Tentative Specifications for [ron and 
Steel Arc-Welding Electrodes (A.S.TM 
A-233-45T; A.W.S. A-5.1-45T) consist of 
two parts and a subcommittee was ap 
pointed to make the division. This Spe 
cification is now being presented in this 
divided form, Specifications for Mild 
Steel Arc-Welding Electrodes and Speci 
fications for low Alloy Steel Arc- Welding 
Electrodes. A meeting of this Subcon 
mittee I will be held on Sept. 22nd andit & 
hoped that they will approve the recom 
mendation that the Mild Steel Specifica 
tion be taken off the tentative list and be 
come a full Standard. The Low Allo 
Steel Specification will probably continue 
to be ‘‘Tentative.”’ 

Subcommittee II on Iron and Steel Gas 
Welding Rods (J. H. Critchett, Chairman 
As mentioned earlier in the report, ths 
Subcommittee has completed their revr 
sion of Specification A-251 (A.W.S. De 
finition A-5.2). This Specification wasa 
cepted by A.W.S. and the A.S.T.M 
H. Critchett has since resigned as Chat 
man and, on Dr. Kinzel’s recommendati 
David Swan, Research Engineer, Union 
Carbide and Carbon Research Laborato 
ries, has been appointed in his place 

Subcommittee III on Aluminum a 
Aluminum Alloy Filler Metal (G.0 Ho 
lund, Chairman). The revision of - 
Tentative Specification on Alumiaum ® 
Aluminum Alloy Filler Meta! has 
yet been completed. The original ope 
fication was for Arc-Welding Blectrode 
and a second Specification is being “a 
on Gas-Welding Rods. It is hoped ee 
both the revision of the Arc Welding r° 
"trode Specification (ASTM. 
and. the, original of the Alwmmum 
Welding Rod Specification will be accom 

lished in the near future. © 
Subcommittee IV on 1! gh-Alloy 

Filler Metal (R. D. Thoms, a 
prepared the Tentative Specie Ap 
A.S.T.M. A-298, referred to earlier. 
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pended to these Specifications is a Guide 
explaining the method of classification in 
accordance with the Specifications and 
the applications of the various grades in- 
cluded therein. It is believed that the is- 
suance of these Specifications will be a 
valuable contribution in standardizing 
corrosion-resisting electrodes. 

Subcommittee V on Nickel and Nickel- 
Alloy Filler Metal (O. B. J. Fraser, Chair- 
man) has been reorganized during the 
past year and although a draft specifica- 
tion has been prepared, this has not as yet 
been submitted. : 

Subcommittee VI on Copper and Copper- 
Alloy Filler Metal (C. E. Swift, Chairman) 
is continuing the preparation of specffica- 
tions for copper and copper-alloy elec- 
trodes. A special group was appointed to 
review the electrode requirements in de- 
tail and has reported back to the subcom- 
mittee. As soon as these specifications are 
completed, work will be started on similar 
specifications for gas-welding rods. 

Subcommittee VII on Surfacing Materials 
(R. K. Lee, Chairman) functioned under 
the chairmanship of ‘M. G. Sedam until 
Feb. 4, 1947, at which time Mr. Sedam 
resigned and R. K. Lee was elected chair- 
man. 

According to action previously reported, 
the members of the Subcommittee fur- 
nished chemical analyses of weld metal 
from all types and from all manufacturers 
of electrodes. A working group met and 
arranged those analyses according to the 
outline of composition prepared at the 
Mar. 26, 1946 meeting. This arrangement 
of analyses was distributed to the members 
of the subcommittee on Nov. 18, 1946. 

A meeting of the Subcommittee, held in 
York, Pa., on Feb. 4, 1947, was attended 
by seven members. At that meeting gen- 
eralities concerning the specifications were 
discussed. It was agreed to continue the 
classification of the surfacing materials 
according to chemical analysis, without 
reference in the specifications proper to 
abrasion resistance, impact properties or 
other specific properties. Such informa- 
tion will be attached 4o the specifications 
asaguide. The arrangement of the analy- 
ses which had previously been distributed 
was discussed in detail with changes such 
as new divisions being made where nec- 
essary. 

Another meeting of the Subcommittee 
was held Mar. 24, 1947, in New York, 
N.Y., at which time the detailed discussion 
of the classification of the analyses was. 
completed. It is proposed to have fre- 
quent meetings of the Subcommittee, at 
least every two months, until the speci- 
fications are eompleted. 

Additional meetings were held on Apr. 
28th and June 25th and much progress 
has been made. 


Subcommittee VIII on Capillary Brazing 
Materials (J. L. Christie, Chairman) was 
organized and held its first meeting June 
27, 1947. This is rather a large subcom- 
mittee and has at least sixteen or more 
members. It is hoped that a report may 
be rendered shortly. 

Subcommittee X on Classification Desig- 
nation of Filler Metal (R. David Thomas, 
Jr., Chairman) has held a number of meet- 
ings; the last on Jan. 13th, at Washington. 
A number of Classification Designation 
systems has been introduced and studied, 
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but as yet no recommendation has been 
made. 


Committee on Welding in Marine Con- 
struction (J. L. Wilson, Chairman) 


1. Scope.—The Committee, organized 
in 1929, has adopted the following objec- 
tives: (a) To promulgate the use in the 
marine field of the general codes and stand- 
ards developed by the Society such as 
Definitions, Symbols, Qualification, Pro- 
cedure, Inspection, Testing, Training, etc.; 
(b) to develop general principles relating 
to the avoidance of dangerous thermal 
stresses, undesirable distortion, etc.; (c) 
to discuss common welding problems and 
to make recommendations as to their solu- 
tion; (d). to effect coordination among all 
bodies in the marine field concerned with 
the administration of rules and regulations 
relating to welding in order to bring 
such standards in harmony with each 
other. 

2. A regular meeting of the Main 
Committee on Welding in Marine Con- 
struction was held at Atlantic City on 
Nov. 20, 1946. 

(a) This meeting was opened by H. W. 
Pierce, past chairman, and the following 
were elected officers for the ensuing two 
years: J. L. Wilson, Chairman; R. H. 
Cunningham, Vice-Chairman; and S. A. 
Greenberg, Secretary. 

(6) The Chairman was authorized to 
review the entire personnel and to make 
such changes as directed by the meeting 
and such other changes deemed necessary. 

(c) The Chairman was authorized to 
appoint Chairmen of Subcommittees: 
(1) on Machinery Construction, and (2) 
on Hull Construction, and to consult with 
these Chairmen in organizing the respec- 
tive subcommittees. 

The activities cited under (b) and (c) 
above have now been completed. 

3. After discussion of a specific request 
that changes be made in the present Rules 
for Fusion Welding Piping in Marine Con- 
struction and a report from the Subcom- 
mittee on the status of such rules, the en 
tire matter was referred back to the Sub- 
committee for appropriate recommenda- 
tions. 

4. In the matter,/of welding practices 
in Hull Construction the Subcommittee 
was requested to review present reports 
on the basis of experience gained during the 
war and prepare anew the appropriate 
recommended practices for welding in 
marine construction. 


5. The Machinery Subcommittee was 
promptly organized and immediately con- 
sidered the matter of item (3) as requested. 
After much correspondence and one full 
formal meeting this Subcommittee has 
succeeded in advancing the matter to the 
letter ballot stage and should be in a posi- 
tion to report revised rules for approval 
of the Main Committee at the Annual 
Meeting. 

6. The Hull Construction Subcommit- 
tee has been confronted with organiza- 
tional problems which are not completely 
solved as yet. Meantime the actual work 
of review mentioned in item (4) has been 
limited to the extent that some of the final 
reports of important key research proj- 
ects are not yet issued or available. It is 
anticipated that such material will be com- 
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pleted by about the end of the calendg 
year when the work of the Subcormnitte 
can proceed as planned on the three phases 
of this problem, viz., Design, Fabrication 
and Materials. 


Committee on Methods of Inspectien (0. R 
Carpenter, Chairman) 


During the past year this Committee 
has been completely reorganized with re. 
gard to personnel and scope. Two meet. 
ings were held in which it was decided that 
the work of this Committee would not be 
to prepare standards but rather to recom. 
mend inspection procedures and discuss 


‘the application for which each method js 


suitable. The Committee would deal only 
with the inspection of welds and weld. 
ments, which provides differentiation from 
the work of other committees in this field 
At the present time it has under prepara. 
tion a guide to the visual examination of 
welds and a guide for the use of magnetic 
particle inspection. 

The personnel of the Committee has 
been changed so as to include representa- 
tives of fabricators and users, as well as 
the makers of testing equipment. 

The guide to the use of magnetic par- 
ticle inspection will be completed withina 
short time, and it is hoped that at the 
meeting to be held in Chicago, in October, 
further work will be started consisting of a 
guide to the use of radiographic testing. 


Committee on Minimum Requirements of 
Instructions for Welding Operators (A.B 
Wrigley, Chairman) 


The Committee on Minimum Require- 
ments of Instructions for Welding Opera 
tors was organized in July 1939. Its ac 
tivities have been centered on the prepara 
tion of appropriate standards for the 
training of welding operators in arc and 
gas welding and allied processes. Courses 
setting forth basic minimum shop and re 
lated instruction in the major types of ar 
and gas welding are intended for use as4 
guide for public and private trade schools 
engaged in this type of training. Thes 
courses are based on sound educational 
practices and accepted industrial prat 
tices. 

One general meeting of the Committe 
was held on Mar. 26, 1947. One confer 
ence and three meetings of the Subcom 
mitee on Gas Welding of Steel, suppl 
mented the general meeting activities. 

The initial draft of the code dealing wit! 
the instruction of welding operators for 
Gas Welding of Steel was prepared by the 
Subcommittee assigned to this task a™ 
this draft was reviewed by the enum 
committee membership. The dralt 
be ready for publication when a few re 
changes in the body of the code am the 
appendices have been comple! ed. 

Work was coatinued during the ye" 5 
the preparation of Part A-! of the at 
are welding of steel entitled Are e 
ing of Steel Aircraft,” Upon the com? 
tion of this draft of this code, another . 
committee will complete its pre? aration” 
Part C “Arc Welding of Light 
Steel.” 
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Are Welding of Steel—thick ma- 
terial. 
2 Arc Welding of Steel—thin ma- 


terial. 

3 Gas Welding of Steel—thick ma- 
terial. 

4. Gas Welding of Steel—thin ma- 
terial. 


Two of these codes have been completed 
und the others are nearing completion. 
All codes have been prepared for the pur- 
pose of improving standards of training for 
weldiag operators under normal peacetime 
conditions. This policy has resulted in 
the acceptance and maintenance of train- 
ing of acceptable scope and quality in the 
postwar period as well as during the war 
years 


A.W.S. Railroad Welding Committee (L. E. 
Grant, Chairman) 


This Committee was organized in De- 
ember 1945, with the following scope of 
activities: 


“The AMERICAN WELDING SOCIETY 
Railroad Welding Committee will be 
concerned with the formulation of safe, 
sound and progressive practices in the 
pplication of welding and associated 
processes tothe railroadindustry. The 
committee will bring together repre- 
sentatives of the railroads, car and loco- 
motive builders for a mutual interchange 
of information; for the stimulation of 
new activities; and for the widest pos- 
sible dissemination of existing welding 
knowledge.” 


Progress of the Committee has definitely 

not been good during the past year. A 
meeting of the Subcommittee on Welding 
in the Fabrication of Locomotive Boilers 
was held in New York City on Jan. 31, 
1947, with only partial attendance. How- 
ever, an outline was prepared of the report 
for this Subcommittee, but to date it has 
not been completed, although the Secre- 
lary spent one day with the Subcommittee 
Chairman in an effort to complete it. It 
s hoped it will be completed this year. 
A meeting of the Subcommittee on 
Welding in the Fabrication of Car Struc- 
tures was held in Chicago in March, in this 
‘ase also with only partial attendance. A 
tentative outline of the report was drawn 
ip but to date no finished copy has been 
available. 

The progress of the Committee has been 
- ‘low that it is obviously unwise to sched- 
lle any additional projects at this time. 
 's realized that the members of this 
“mmittee have had other urgent de- 
m ands on their time in the past two years 
ind it is hoped that readjustments in busi- 
*s will make it possible to obtain more 
ective cooperation in the near future. 


WS, Resistance Welding Committee 
Wilson Scott, Chairman) 


ene committee is concerned 
eee ‘cation of the resistance welding 
— to both ferrous and nonferrous 
“er Through its subcommittees, 
endards are studied and compiled based 
‘stablished good practice. 
celings.—Subcommittee 
Welding of C 
Welch, 
tion meeting 

A special 


VI—Spot 
opper and Copper Alloys— 
Chairman, held a reorganiza- 
on June 19, 1947. 

subcommittee held one meet- 


1947 


ing for the purpose of outlining a program 
to correlate the method of procedure of all 
of the subcommittees. 

Two Executive Subcommittee meetings 
were held during the year and one Main 
Committee meeting was held last Novem- 
ber. We plan to have a two- or three-day 
session in September, where the subcom- 
mittees will have a chance to meet and will 
close with a meeting of the Executive Sub- 
committee. 

Work in Progress.—Since the last an- 
nual report, no projects have been com- 
pleted. The main item of activity is the 
preparation of the ‘‘Resistance Welding 
Ordnance Handbook.’”’ This work is ap- 
proximately 50% completed and some 
material has been sent out for review by 
the committee. Two new subcommittees 
have been appointed, one on Spot Weld- 
ing of Aluminum and Aluminum Alloys 
with W. J. Wilson as Chairman, and an- 
other on the Spot Welding of Magnesium 
Alloys with J. R. Thorpe as Chairman. 
E. I. Larsen replaces H. O. Klinke as 
Chairman of the Subcommittee on Spot 
Welding of Low-Alloy and Medium Car- 
bon Steels. 

Future Work.—lIt is proposed that the 
various subcommittees will review the 
data in the ‘‘Recommended Practices for 
Resistance Welding’”’ with the thought in 
mind of extending the data to greater 
ranges and to change the form in line with 
the recommendations of the Special Sub- 
committee. 

It will be necessary for the Subcommit- 
*ee on Definitions and Symbols to have an- 
other meeting when the Main Committee 
completes their work on the chart. The 
changes to be made by the Definitions 
C8mmittee are expected to be minor and it 
is felt that this work is practically com- 
plete. 

The “Ordnance Inspection Handbook”’ 
will be the main activity of the Committee 
in the near future. 


A.W.S. Committee on Rules for Field Weld- 
ing of Storage Tanks (H. O. Hill, Chair- 


man ) 


This Committee was appointed by the 
Society on June 5, 1939, and assigned the 
task of developing general welding stand- 
ards applicable to the construction of field- 
welded storage tanks, operating generally 
at atmospheric pressure or at not over 15 
psi. gage pressure. 

A specification entitled ‘‘Rules for Field 
Welding of Steel Storage Tanks’”’ was pub- 
lished under date of Dec. 12, 1940. Dur- 
ing the year 1941 a few minor revisions 
were made for purposes of clarification. 
These were published as amendments and 
issued under date of May 7, 1942. 

The following subcommittees of the 
Main Committee exist: 

The A.P.I.-A.W.S. Conference Com- 
mittee on Welded Oil Storage Tanks serves . 
to advise the American Petroleum Insti- 
tute Committee on Oil Storage Tanks re- 
garding all matters relating to welding. 
The latest specification of the A.P.I. is No. 
12-C, entitled ‘‘All-Welded Oil Storage 
Tanks,’’ dated August 1944. ‘ 

The A.W.W.A.-A.W.S. Committee on 
Elevated Steel Water Tanks, Standpipes 
and Reservoirs prepared a specification for 
the American Water Works Association 
with the title ‘Elevated Steel Water 
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Tanks, Standpipes and Reservoirs.’’ The 
latest edition is No. 7H1, dated 1943. 

The A.R.E.A.-A.W.S. Conference Com- 
mittee on Welded Storage Tanks for Rail- 
road Service served in the preparation of a 
specification covering ‘‘Welded Storage 
Tanks for Railway Service’ which was is- 
sued in 1943. 

The Main Committee and conference 
committees are standing committee which 
are prepared to review any matters pre- 
sented to them by any of the coordinating 
bodies in regard to specifications for the 
field welding of storage tanks. 

The Main Committee is now reviewing 
the ‘Rules for Field Welding of Storage 
Tanks” and is planning to print a new edi- 
tion as soon as the revisions can be agreed 
upon. 


The A.P.I. Conference Committee is also 
reviewing the A.P.I. Specification 12-C 
and will present some proposed revisions to 
the A.P.I. Tank Committee which will 
meet in November in Chicago. 

The A.W.W.A. Conference Committee 
has agreed upon some revisions to Speci- 
fication 7H1, which will be incorporated 
in the next edition. 


Committee on Safety Recommendations (H. 
F. Reinhard, Chairman) 


This Committee was organized in 1936 
and serves to furnish safety and health 
information requested by the Socrety’s 
‘members, and also to assist in the prepara- 
tion of safety standards for welding to be 
incorporated in general industrial safety 
standards. 


No meetings have been held during the 
past fiscal year, all work of the committee 
having been accomplished by correspond- 
ence. 

During the year the following assign- 
ments were received and completed. 

(a) Correspondence with M. E. Ring- 
quist, Deere & Co., Engineering Dept., 
Moline, Ill., with respect to types of weld- 
ing booths and exhaust and ventilation 
equipment for same. 

(b) Review of and comments on draft 
of ‘‘Australian Standard Code of Recom- 
mended Practice in the Protection of Eyes 
Against Harmful Radiation in Welding.” 

(c) Advice to Christian Nielsen of 
Denmark with reference to possible copper 
acetylide formation when acetylene is 
brought into contact with copper with par- 
ticular reference to copper parts of pres- 
sure gages used in plants devoted to the 
manufacture and compression of acetylene 
into cylinders. 

Projects now under consideration are: 

(a) A protest against the wording of 
Article 521(c) of the Standards of the Na- 
tional Board of Fire Underwriters covering 
installation of sprinkler systems, which 
wording infers that the employment of 
welding in the installation of sprinkler 
piping is undesirable. It has been recom- 
mended to the Committee on Sprinkler 
Systems that the wording be changed so as 
not to frown upon the use of welding but to 
simply require that fire hazards due to the 
use of any hot work, including welding, be 
adequately safeguarded while the work is 
in progress. 

(b) Although the Committee is not 
directly active in preparing an American 
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Standard to supersede the American War 
Standard “Safety in Electric and Gas 
Welding and Cutting’ a number of its 
members have been designated as members 
of Sectional Committee Z49. Since Sec- 
tional Committee Z49 is sponsored by the 
AMERICAN WELDING Society it is ex- 
pected that the Committee on Safety Rec- 
ommendations will be asked to review any 
changes made in the American War 
Standard prior to final adoption. 

No new activities have been scheduled 
for the coming year. The work of a revi- 
sion of the chapter on Safety in the A.W.S. 
Handbook has been placed in the hands of a 
special committee which includes several 
members of the Committee on Safety 
Recommendations. This will provide a 
correlation between the activities of the 
Committee and the information contained 
in the Welding Handbook. 


Committee on Standard Mechanical Tests 
for Welds (M. F. Sayre, Chairman) 


In Oct. 1946, the scope of this Commit- 
tee was very logically changed to limit its 
work to mechanical tests only. Within 
this field no problems have arisen during 
the current year, and the committee has, 
therefore, been inactive. 


Committee on Standard Procedures of Weld- 
ing and Standards for Welded Joints (C. 
H. Jennings, Chairman) 


The Committee on Standard Procedures 
of Welding and Standards for Welded 
Joints was organized in 1942 to assimilate 
and report accepted procedures of welding 
and details of welded joints for the purpose 
of effecting a general improvement of weld 
quality. During the past year, meetings 
were held on Nov. 20, 1946, and Jan. 21, 
1947. Several revisions of proposed Stand- 
ard Procedures for Welding were prepared 
and the Committee is now working on the 
original assignment of preparing Standard 
Procedures for Welding and Standards for 
Welded Joints covering manual metal arc 
welding. A seventh draft of these stand- 
ards has been prepared and is now under 
consideration by the Committee. In ad- 
dition to this, the-Committee is also con- 
sidering the proper test program necessary 
for testing and qualifying the Procedures 
contained in the seventh draft in accord- 
ance with the A.W.S. Standard Qualifica- 
tion Procedure. 


A.W.S. Committee on Symbols (L. C. 
Bibber, Chairman) 


This Committee was organized in 1938 
and has the following scope: 

This Committee is concerned with 
the standardization of graphical sym- 
bols and abbreviations for denoting 
welding information on engineering 
drawings. These symbols are published 
together with instructions for their use, 
and their general adoption is furthered 
by the Committee wherever possible. 
Many meetings were held during the 

previous year during which a revised stand- 
ard for welding symbols was made ready 
for publication. The Committee’s thanks 
are due to the Bureau of Ships of the 
United States Navy Department for their 
cooperation in preparing the many figures 
and illustrations used throughout the revi- 
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sion. The new Symbols Standard con- 
tains but very minor changes so far as the 
symbols themselves are concerned, but is 
completely new so far as method of pres- 
entation is concerned. The various phases 
of the system are taken up step by step 
and profusely illustrated. It is believed 
that the new Symbols Standard will be 
found a considerable improvement over 
the previous one. 

It is probable that an article will be 
written explaining the philosophy of the 
symbols, their background and the reasons 
why certain things were done as they were. 
It is intended that this article be published 
in the JOURNAL simultaneously with the 
issue of the Symbols Standard. 


A.S.A. Sectional Committee 249—Safety 
in Electric and Gas Welding and Cutting 
Operations 


Scope.—‘‘Protection of persons from 
injury and illness and protection of prop- 
erty (including equipment) from damage 
by fire and other causes arising from elec- 
tric and gas welding and cutting equip- 
ment, its installation, operation and main- 
tenance.” 

Organization.—An organizational meet- 
ing was held in New York on June 12-13, 
1947. Records of this meeting are in the 
files of S. A. Greenberg, Technical Secre- 
tary. Asindicated in the minutes, a chair- 
man was elected to preside over and con- 
duct all necessary meetings pertaining to 
the revision of the Z49 Code. A complete 
set of subcommittees were appointed with 
a chairman for each group to head up their 
activities. 

Four subcommittees have been ap- 
pointed and cover the following phasgs: 


Gas Welding. 

Arc Welding. 

Resistance Welding. 

Fire prevention, protection of per- 
sonnel and ventilation and health 
protection. 


The Chairmen of the above subcommit- 
tees are gradually organizing their work 
and have indicated that sometime during 
the next few weeks they should have 
material ready for presentation and review 
at our next regular meeting which will be 
scheduled by Mr. Greenberg as soon as 
conditions warrant. 

No new projects have been com- 
pleted since the last annual report. 

Z-49.1 American War Standard was ap- 
proved May 9, 1944. 

Project now under consideration is the 
revision of the now existing Z49.1 Safety 
in Electric and Gas Welding and Cutting 
Operations. Just begun. Unable to set 
completion date at this time. 

The Chaifman has not been advised of 
any new activities other than the revision 
mentioned above. 


A.S.A. Sectional Committee C52—Electric 
Welding Apparatus 


The annual report for A.S.A. Sectional 
Committee C52 on Electric Welding for 


_the year 1946-47 is made up of the letters 


from various subcommittee chairmen as 
follows: 

1. The Aug. 26, 1947, letter from B. L. 
Wise, Chairman, Subcommittee on Resist- 
ance Welding, gives the following report: 

“There is not a great deal t6 report with 
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regard to the Subcommittee on Resistance 
Welding Apparatus other than Previously 
reported last year.”’ 

Subgroup on Resistance Welding Mo. 
chines.—‘‘Several committees of the Re. 
sistance Welder Manufacturers Associa. 
tion have been revising portions of the 
R.W.M.A. Standards since Mr. Cooper's 
letter of Jan. 15th. 

“A meeting of these various subcommit. 
tees is scheduled for Sept. 18th at which 
time undoubtedly some definite action will 
be taken relative to the changes in R.W. 
M.A. standards. It is our plan, ir turn, to 
take the standards submitted by the R. 
W.M.A. and reconcile them with the pres- 
ent A.S.A. Tentative Standards. 

“Unfortunately the R.W.M.A. no longer 
have the services of a Technical Secretary 
Consequently this work has been consid- 
erably handicapped and I would not an- 
ticipate any definite recommendations be- 
fore the forepart of the year 1948.” 

Subgroup on Resistance Welding Con- 
trols.—‘‘All of the groundwork of this sub- 
group has been laid and I believe that only 
formal adoption by N.E.M.A. and R.W.- 
M.A. will be required prior to the sub- 
group issuing a definite recommendation 
to the A.S.A. Committee. You will ur- 
doubtedly hear further from G. W. Gar- 
man on this score.”’ 

Subgroup on Electrodes.—‘‘ A tremendous 
amount of work has been encountered by 
this committee in endeavoring to arrive 
at a suitable standard taper for the elec- 
trodes. Unfortunately the present stand 
ards are not suitable but it has been dif 
ficult to secure sufficient industries’ (users 
support to definitely recommend the adop- 
tion of some specific taper. I believe the 
committee is doing an excellent job in en 
deavoring to secure user acceptance of the 
tapers before recommending them as 
standards. You may recall that consider- 
able controversy raged between the War 
Production Board and the users in an at- 
tempt to make the present A.S.A. Stand 
ards mandatory during the war period 
This previous controversy has proved to be 
a real obstacle in the path of the subgrou| 

“Although no specific recommendations 
can as yet be made to the main committe: 
by any of these subgroups, considerabli 
progress has, however, been made toward 
the formulation of these recommenda 
tions.”’ 

2. The Sept. 2, 1947, letter from J 
H. Cooper, Chairman, Subcommittee 0° 
Resistance Welding Machines, gives the 
following report: 

“Answering yours of Aug. 12th regard- 
ing the annual report of the AS A. Sec 
tional Committee, this is to advise that 2° 
report is forthcoming on the activities 0 
the Subgroup on Resistance \ elding 
Machines inasmuch as these Standards ar 
essentially a reprinting of the : omparable 
Standards issued by R.W.M.A. 

“Inasmuch as R.W.M.A. are now the 

sir Standards but wH 
process of revising their Stand. 
not have them completed 
months, the writer does not recommen” 
‘nted Standards o 
altering the present printe 
the A.S.A. Subgroup.” 

3. The report from G. \ 
Chairman, Subcommittee 0! 
Welding Controls, has not be" rece 
to date. 
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4 The Aug. 28, 1947, letter from G. 
N. Sieger, Chairman, Subcommittee on 
Resistance Welding Electrodes, gives 
the following report: 

“The Subgroup on Resistance Welding 
Rlectrodes have been ‘marking time’ 
waiting the recommendations and find- 
ings of the A.W.S.’s Automotive Commit- 
tee. This committee has been doing some 
very intense investigation on Resistance 
Welding Electrodes, particularly as pertain 
to the preferential tapers of electrodes. We 
are awaiting their report with a great deal 
of interest. The only really important 
project is the standardization of the tap- 
ers.” 

5. Governing Electric Arc-Welding 
Apparatus, the following report from R.C. 
Freeman, Chairman, Subcommittee on 
Electric Arc Welding Apparatus, is taken 
from his letter of Aug. 22, 1947: 

Activities in 1947.—‘‘After careful con- 
sideration and discussion and upon the 
basis of a letter ballot of its members, this 
Subcommittee has recommended to the 
Main Committee (Sectional Committee 
C52) that the portion of N.E.M.A. Stand- 
ard 45-105 which deals with electric arc- 
welding apparatus be recommended for 
uloption as an A.S.A° Standard with the 
inclusion of three minor modifications. 


“With the completion of recommenda- 
tions for an A.S.A. Standard for electric 
arc-welding apparatus, no further proj- 
cts are at present on the agenda of this 
Subcommittee.” 

Inconnection with the proposed Electric 
Arc-Welding Apparatus Standard, the 
Chairman of the main committee, Sec- 
tional Committee C52, has recommended 
m Sept. 2, 1947, that this proposed stand- 
ird be sent for ballot to all members of the 
AS.A. Sectional Committee C52. There 
sno other participation of the main com- 
mittee during the past annual term. 


AWS. REPRESENTATIVES ON 
TECHNICAL COMMITTEES OF 
OTHER SOCIETIES 
American Standards Association 
Committee A10-—Safety Code for Construc- 
tion Work (A. N. Kugler) 


This committee, originally formed for 
“ie purpose of establishing safe practices 
for the construction industry, published 
ier code several years ago. The com- 
nittee has been continued in a consultative 
‘apacity since publication. 

While there has been no activity on the 
part of this committee during the past 
mie it is recommended that our member- 
stp be continued in the event any ques- 
Hons arise or a revision is undertaken. 


Committee A5S7—Building Code Require- 
ments (T. R. Higgins) 


This committee is one of several A.S.A. 
*ctional committees drafting model build- 
ig Code requirements. 
= standard, A57.1, was approved by 
_ ommittee in 1943. It is now some- 
what out of date 
Phar has been no activity im this during 
tivities fn hor are there any plans for 
recommen immediate future. It is 
mmended, however, that the WELD- 


ING 
th Society Continue its presentation on 
committee, 


Committee C42—Electrical Definitions (R. 
W. Clark) 


Organization of Subgroup No. 10 of C42 
has just been completed. While there has 
been no activity in this committee since 
it was organized, the Socrety’s Definitions 
Committee has been very active on their 
revisions of the standards on definitions of 
welding terms. This revised standard will 
be the basis for the revision of the A.S.A. 
definitions of welding terms. 


Committee C67—Preferred Voltages, 100 
Volts and Under (R. C. Freeman) 


Object.—To prepare a standard of pre- 
ferred voltages (100 v. and under) as a 
means of promoting the wider use of stand- 
ard voltages, to unify processes in indus- 
try and, as a result, to bring about econ- 
omy to users and manufacturers. 

Accomplishments During Past Year. — 
As a result of careful consideration and a 
vote by the committee, a proposed Ameri- 
can standard for preferred voltages (100 v. 
and under) was issued under the date of 
Apr. 15, 1947. This proposed standard 
was published for trial and criticism for a 
period of one year. 


Committee Z2—Protection of Heads, Eyes 
and Respiratory Organs of Industrial 
Workers (H. F. Reinhard) 


In 1946 Dr. L. Greenburg, representing 
the National Society for the Prevention of 
Blindness, was elected as the A.S.A. Sec- 
tional Committee Chairman in place of 
the late Dr. M. G. Lloyd. This year the 
A.W.S. representation on the committee 
was changed to H. F. Reinhard, represent- 
ative, and S. A. Greenberg, alternate. 

Although nothing concrete has been ac- 
complished, the subject A.S.A. Code is in 
the process of revision, the same being car- 
ried 6n by three subcommittees. The sub- 
committees and their Chairmea are 


1. Subcommittee on Head Protection 
—Chairman E. B. Landry, Navy 
Dept. 

Subcommittee on Eye Protection— 
Chairman’ J. A. Dickinson, Na- 
tional Bureau of Standards. 

3. Subcommittee on Respiratory Pro- 

tection—Chairman H. H. 
Schrenk, Bureau of Mines. 


bo 


Committee Z5—Ventilation Code (H. F. 
Reinhard) 


There has been no activity on the part of 
this A.S.A. Committee during the past 
year. 

While this committee has not yet con- 
sidered any matters that deal directly with 
welding and cutting it is quite likely that 
they may at some future date. 

Since the last annual A.W.S. meeting 
A.W.S. representation on this A.S.A. com- 
mittee has been changed to H. F. Rein- 
hard, representative, and S. A. Greenberg, 
alternate. 


Committee Z28—Work in Compressed Air 
(E. Vom Steeg, Jr.) 


No meetings of this committee,were held 
during the past year. 


Committee Z32—Graphical Symbols and 


Abbreviations for Use on Drawings (L. C. 
Bibber) 


A.S.A. Sectional Committee Z32 is 


ANNUAL REPORT 


charged with the responsibility of develop- 
ing and codifying symbols of all kinds for 


engineering drawings. During the past 
year your representative has had no meet- 
ings with Committee Z32 for the reason 
that the Symbols Standards was in prepa- 
ration, and there was no need for such 
meetings until the Symbols Standard was 
completed and could besubmitted to A.S.- 
A. This will be done during the coming 
year. 


American Society for Testing Materials 


Committee Al on Steel (C. E. Loos) 


Meetings of the above Committee, in- 
cluding its numerous subcommittees, were 
held in Philadelphia, Pa., on Feb. 24-28, 
1947, and at Atlantic City, N. J., on June 
16-20, 1947. It was not possible for your 
representative to attend all of the meetings 
of the various groups. He did, however, 
attend the Al Committee meetings and 
those of Subcommittee IT: 

Action taken on specifications by Al 
and reported in the American Society for 
Testing Materials’ Summary of Proceed- 
ings are grouped under four general head- 
ings: (1) Accepted as Tentative, (2) Ac- 
cepted as Tentative, Revisions in, (3) 
Adopted as Standards and (4) Adopted as 
Standard, Revisionsin. The following isa 
list of specifications in each of these four 
classifications in which the welding of ma- 
terials may be involved. 

Accepted as Tentative 

Specification for High Tensile 
Strength Carbon-Manganese-Silicon 
Steel Plates for Boilers and Other Pres- 
sure Vessels (A299-47T). 

Specification for Chromium-Molybde- 
num Steel Plates for Boilers and Other 
Pressure Vessels (A301-47T). 

Specification for Manganese-Molyb- 
denum Steel Plates for Boilers and Other 
Pressure Vessels (A302-47T). 

Specification for Steel Plates for Pres- 
sure Vessels for Service at Low Tempera- 
tures (A300-47T). 

Specification for Hot-Rolled Strip of 
Structural Quality (A303-47T). 


Accepted as Tentative, Revisions in 

Specification for Boiler and Firebox 
Steel for Locomotives (A30—46). 

Specification for Seamless Carbon- 
Steel Pipe for High Temperature Serv- 
ice (A106-46T), with an additional revi- 
sion deleting all references to deoxidized 
acid-Bessemer pipe in the specifications. 

Specification for Nickel-Steel Plates 
for Boilers and Other Pressure Vessels 
(A203-46). 

Specification for Light Gage Struc- 
tural Quality Flat Rolled Carbon Steel 
(0.2499 and 0.1874 In. to 0.0478 In. in 
Thickness) (A246-47T). 

Specification for Light Gage Struc- 
tural Quality Flat Rolled Carbon Steel 
(0.0477 to 0.0225 In. in Thickness) 
(A246-47T). 

Specification for Seamless Chro- 
mium-Molybdenum Alloy-Steel Pipe for 
Service at High Temperatures (A280- 
46aT). 


Adopted as Standard 


Specification for Seamless and Welded 
Ferritic Stainless Steel Tubing for Gen- 
eral Service (A268-44T). 
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Specification for Seamless and Welded 
Austenitic Stainless Steel Tubing for 
General Service (A269-44T). 

Specification for Seamless and Welded 
Austenitic Stainless Steel Tubing for the 
Dairy and Food Industry (A270-44T), 
as revised in the Al Abbreviated Report. 

Specification for Seamless Austenitic 
Chromium-Nickel Steel Still Tubes for 
Refinery Service (A271—46T). 


Adopted as Standard, Revisions in 


Specification for Welded and Seamless 
Steel Pipe (A53—46). 

Specification for Hot-Rolled Carbon 
Steel Bars (A107—46), with additional 
changes. 

Specification for Electric-Resistance- 
Welded Steel and Open-Hearth Iron 
Boiler Tubes (A178—46). 

Specification for Carbon-Silicon Steel 
Plates for Ordinary Tensile Ranges for 
Fusion Welded Boilers and Other Pres- 
sure Vessels (A201--46). 

Specification for High Tensile 
Strength Carbon-Silicon Steel Plates for 
Boilers and Other Pressure Vessels 
(Plates 4!/, In. and Under in Thickness) 
(A212-—46). 

Specification for Electric-Resistance- 
Welded Steel Heat-Exchanger and 
Condenser Tubes (A214—46). 

.  §pecification for Electric-Resistance- 
Welded Steel Boiler and Superheater 
Tubes for High Pressure Service (A226-— 
44). 

Specification for Welded Alloy-Steel 
Boiler and Super-heater Tubes (A249- 
46). 

Specification for Electric-Resistance- 
Welded Carbon-Molybdenum Alloy- 
Steel Boiler and Super-heater Tubes 
(A250—46). 

Specification for Welded Alloyed 
Open-Hearth Iron Pipe (A253-46). 


Revisions in Boiler and Pressure Vessel 
Plate Specifications—Stress Relieving— 
Tolerances—Surface Finish and Condi- 
tioning. 


A30-46 A203-—46 
A129-46 A204—46 
A201—-46 A212—46 
A202—46 A225-46 
A285-46 


Committee Al on Steel—Subcommittee II— 
Structural Steel for Bridges, Buildings 
and Rolling Stock (C. E. Loos) 


At the Spring meeting in Philadelphiaa 
special section was appointed to review 
all specifications under the jurisdiction 
of Subcommittee II with the idea of bring- 
ing these specifications more closely in ac- 
cord with present manufacturing praetices 
and to offer proposals. The work of this 
group was completed at Atlantic City and 
submitted to Subcommittee II. While 
most of the proposals were accepted by 
that Subcommittee, they were not, how- 
ever, formally presented to Al for adop- 
tion. 

The most important revision proposed 
was the adoption of a new specification to 
cover definitions, tolerances, sketches of 
test specimens, classification tables and 
other items common to several specifica- 
tions under the jurisdiction of Subcommit- 
tee II. This specification is to be used in 
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conjunction with and as supplemental to 
the others: The purpose is to give greater 
coverage in the individual specification and 
at the same time reduce the amount of 
repetitious matter in the several specifi- 
cations. 

This proposal received a favorable reac- 
tion from the Advisory Committee of Al 
but was referred back to Subcommittee II 
for preparation and submission of a sam- 
ple specification. 


Committee A1l0—Chromium, Iron Chro- 
mium Nickel and Related Alloys (S. A. 
Greenberg) 


This committee has held two meetings 
during the past year neither of which were 
attended by your representative. 

The committee has been engaged in pre- 
paring material specifications for bars, 
forgings, castings, wire and tubular prod- 
ucts and standards for corrosion testing. 
No matters have arisen of direct interest 
to the AMERICAN WELDING SOCIETY. 

On recommendation of the Technical 
Activities Committee at its meeting on 
Sept. 17, 1947, and with the approval of 
the Board of Directors at its meéting on 
Sept. 18, 1947, S. A. Greenberg was ap- 
pointed A.W.S. representative on this 
Committee to replace L. M. Dalcher. 


Committee B5—Copper and Copper Alloys 
(J. J. Vreeland) 


Committee B5 on Copper and Copper 
Alloys is responsible for new specifications 
and changes in specifications concerning 
copper and copper alloys in all forms. 

The Committee has been quite active 
during the past year on various specifica- 
tion changes, but no changes have been of 
any importance to the AMERICAN WELD- 
ING Soctrgety or the welding industry, with 
the exception of the specification on silicon 
bronze plates for pressure vessels. The 
suggestion has been made to the Commit- 
tee for certain revisions relative to the 
specification and it will be followed up at a 
later date. 


Committee E7 Radiographic Testing (A. G. 
Bissell) 


1. The present scope of the committee 
is Radiographic Testing. 

2. During the past year the Committee 
has submitted a letter ballot to its mem- 
bership on the question that the name of 
the committee be changed to ‘‘Committee 
E7 on Radiography and Other Non-De- 
structive Testing”’ and that the “‘Commit- 
tee should have cognizance over nonde- 
structive testing for discontinuities in all 
engineering materials.” 

3. A special subcommittee was ap- 
pointed to review and to prepare in suit- 
able form the Bureau of Ships, Navy De- 
partment X-ray Standards for Production 
and Repair Welds for A.S.T.M. adoption. 


American Institute of Electrical Engineers 


Commitiee on Electric Welding—Subcom- 
mittee on Power Supply for Welding 
Operations (W. F. Hess) 


The AJ.E.E. Committee on Electric 
Welding—Subcommittee on Power Sup- 
ply for Welding Operations, has been in- 
active for the past year. However, there 
is some indication that it may become ac- 
tive again in the coming year. This com- 
mittee is intended to present new ideas and 
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summaries as to how to best serve resist. 
ance-welding loads. Some years ago jt 
completed a rather comprehensive bulletin 
of recommendations and since then ha 
considered its job as one of a stand-by na. 
ture. Changes in this field occur rathe; 
slowly, but a committee should be ayaij. 
able to deal with them when necessary. 


American Society for Metals 


Metals Handbook Committee (H. L. Max. 
well) 


The Handbook Committee of the Ameri. 
can Society for Metals, to which commit. 
tee the writer was appointed as American 
WELDING Society representative, has been 
active in completing the revisions of the 
forthcoming edition of the Handbook. One 
meeting of the Handbook Committee was 
held at the time of the 1946 Metals Expo. 
sition. Your representative has shared 
in the work of revising and reading of 
proofs of the new edition. The new Hand- 
book section entitled ‘‘Basic Causes of 
Service Failures of Metals,”’ the work of a 
special subcommittee with the writer as 
chairman, is now in final form. 


Association of American Railroads 


Committee .on Fusion Welded Tank Car 
Tanks (J. J. Crowe) 


Your representative on the subject 
committee has not been called on to attend 
any meetings during the past year, but as 
a representative of the C.G.M.A. on the 
Tank Car Tank Committee he has beer 
active and has kept in touch with the weld 
ing activities of the A.A.R. Committee 


Heating, Piping and Air Conditioning 
Contractors’ National Association 


Editorial Committee (D. H. Corey) 


This Committee was organized to revis¢ 
the Association’s Standard Manual or 
Pipe Welding. It is intended primarily for 
the use of piping contractors and archi 
tects. The revision is practically com 
pleted and it is expected that the Manual 
will be published in the near futur« 

Continuation of A.W.S. representation 
until publication of the Manual 's recom 
mended. 


International Acetylene Asso: iation 


Oxyacetylene Welding Committee (S. 4 


Greenberg) 


Your present representative, L. M 
Dalcher, was appointed in May 1°40. He 
attended two of the three meetings of the 
Committee held between that time an¢ 
June 1947 and was active in revising S*Y 
eral of the International Acetylene Asso- 
ciation publications including on¢ « ntitled 
“Welding Codes and Specifications. ; 
which considerable reference 's made to 
codes, standards and specifications 1ssuee 
by the Society. 

On June 18th, after learning O 
Dalcher’s resignation from the > )CIETY S$ 
staff the International Acetylene As 
tion invited S. A. Greenberg to serve 45 
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the 


Society’s representative on the O» of 
lene Welding Committee. Ths invita 
ras 
was acknowledged and I A.A. was 


3 sould be 
vised that their recommendation woul 


submitted for official approval. 
In the meantime, Mr. Gree” 
been serving as Mr. Dalchers 
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1. Complete automatic control 
system in one cabinet—necessary control fuses, terminals, 
transformers, etc. included. 


2. Specifically designed to meet new standards and recom- 
mendations of RWMA and machinery builders. 


3. Front location puts dials within easy reach to facilitate 
machine set-up or time adjustments. 


4. Depth standardized at 20 inches, width kept within 15 
inch maximum. 

5. Foot switch, pressure switch, no-weld switch and timer 
control circuits are 110 volts for added operator safety. 


6. Panel space provided for low voltage control or two- 
position foot switch auxiliaries. 


DETROIT MILWAUKEE 


ADVERTISING 


Z panel swung out to show timing 
Gnd sequencing relays. Adjusting dials 
are on front of this panel for maximum 
safety. Separable connector strip allows 
easy removal of panel for installation or 
maintenance. 


Side door gives access to contactor, con- 
trol fuses, and all line, load, and control 
terminals. SYNCRO-BREAK cheostat is 
mounted on extended bracket to bring 
adjusting knob out beyond live parts. 


for complete information, write Square D Company, 
4041 N. Richards Street, Milwaukee 12, Wisconsin 
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and attended a meeting of the Committee 
on Aug. 12, 1947, at which safety require- 


ments for oxyacetylene welding, to-bein- . 


cluded in the American Standard ‘‘Safety 
in Electricand Gas Welding and Cutting’ 
were discussed. 

On recommendation of the Technical 
Activities Committee at its meeting on 
Sept. 17, 1947, and with the approval of 
the Board of Directors at its meeting on 
Sept. 18, 1947, S. A. Greenberg was ap- 
pointed A.W.S. representative on this 
Committee to replace L. M. Dalcher. 


National Board of Boiler and Pressure Ves- 
sel Inspectors 


Advisory Committee (R. E. Cecil) 


Your representative attended nearly all 
of the meetings of the Executive Commit- 
tee of the National Board during the pre- 
ceding year, including the meetings held in 
Los Angeles during the week of May 5- 
9, 1947. 

With possibly two exceptions, matters 
coming before the Board were largely rou- 
tine and not of particular interest to the 
A.W.S. However,*® your representative 
does feel that the National Board has 
grown somewhat in stature during the 
last two or three years and is functioning 
rather smoothly. 

A proposal came before the Board to 
approve the establishment of a school for 
training and/or testing welders who would 
be given certificates or diplomas which 
would be sufficient evidence of a weld- 
er’s ability and relieving an employer from 
the obligation of testing his welders. This 
proposal, so far, has not met the approval 
of the Board. 

Your representative feels that the 
AMERICAN WELDING Society should con- 
tinue to maintain representation on this 
Board. 


ENGINEERING FOUNDATION— 
WELDING RESEARCH COUNCIL 


Progress Report for the Period 
Oct. 1, 1946-Sept. 30, 1947 


By C. A. Apams, Chairman 


The current year has marked the com- 
pletion of transition from wartime activi- 
ties toa peacetime program. Fortunately, 
most of the projects of the Council were 
concerned largely with fundamentals, and 
these with slight reorientation were read- 
ily adapted to peacetime conditions. 

Some of these wartime investigations 
devel5ped the necessity for a deeper knowl- 
edge of the flow and fracture of metals and 
the behavior of welded structures in the 
plastic range. Two very comprehensive 
reviews of existing knowledge were under- 
taken independently: one, under the aus- 
pices of the United States Navy, and the 
other by the Council. At first, the Navy 
report was issued as a confidential docu- 
ment, but it has just been released and 
made available to the Council. It was 
published in the August 1947 issue of the 
Welding Research Supplement. These 
two reports, one by Dr. John H. Hollomon, 
and the other by Dr. Maxwell Gensamer 
and associates, constitute a very excellent 
summary of our knowledge in this field. 
They also indicate the direction of most 
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needed research. During the coming year 
an attempt will be made by the Council 
te obtain some agreement among the sci- 
entists concerned as tothe most important 
projects and their order of importance. 

During the year the work of the Pres- 
sure Vessel Research Committee gained 
considerable momentum. Operations are 
currently at a pace involving $70,000 a 
year. The background of infotmation 
needed by the various divisions of the 
Pressure Vessel Committee is quite similar 
to that of several other projects of the 
Council, as well as of the Ship Structure 
Committee of the Government. Every 
attempt will be made to correlate investi- 
gations so that not only will there be no 
duplication of effort, but also that the 
Welding Research Council projects, as 
well as those under other auspices, will 
constitute supplementary parts of a ra- 
tional over-all plan. To this end similar 
or in many cases identical steels will be 
employed. There will also be considerable 
overlapping of the membership on the 
research committees of the several agen- 
cies. 

The Structural Steel Committee has 
grown from small projects to several 
major projects during the year 1947. 
The rate of operations will rival that of the 
Pressure Vessel Research Committee and 
will be only slightly exceeded by that 
committee. As in other projects it is 
here becoming increasingly important to 
know how steels behave under different 
conditions of strain and thermal cycles, 
not only in the elastic range, but also in 
the plastic range. The behavior of struc- 
tures under dynamic stresses when made 
with different steels and tested at different 
temperatures is receiving particular con- 
sideration. 

During the past year the work of a very 
large project of the Council, which has 
continued over a number of years, has 
come to a halt, namely, the Fatigue Stud- 
ies of Welded Structural Joints. The origi- 
nal program laid out to provide bridge 
engineers and code-making bodies with 
safe working stress data for welded struc- 
tures subjected to cyclic loading, has al- 
ready answered some of the important 
practical questions, although much is yet 
to be desired in the way of a more thor- 
ough understanding of the fundamental 
phenomena involved. 

The reason for the hold-up in this pro- 
gram is not so much the feeling that the 
field is by any means exhausted, but rather 
that our present knowledge concerning 
the behavior of welded joints under alter- 
nating or pulsating stresses, exceeds our 
knowledge of the behavior of riveted joints 
under similar stresses. 

Thus, since riveted joints are still so 
largely employed for many-types of steel 
structures, our major financial backers, 
namely the Association of American 
Railroads and the Public Roads Adminis- 
tration, have temporarily withdrawn their 
financial support and have applied it to 
similar research work in the field of riveted 
construction. 

Satisfactory operations on a fairly large 
financial scale continue under the Welda- 
bility Committee and the Resistance Weld- 
ing Research Committee. 

On a long term basis a very important 
activity of the Council continues to be the 
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work of the University Research Commi. 
tee in the stimulation and encourageme; 
of research work among the leading 
sities of this country. 

Others active smaller projects include 
High Alloys, and the inter-related activitie: 
of the old. Weld Stress Committee now jy 
process of reorganization. 

The relationship of the Welding Re. 
search Council to the AMERICAN WELpry: 
Society and to the Ship Structure Re 
search Committee received a great deal of 
consideration during the past year. Ins 
far as the AMERICAN WELDING Soctery 
relationship is concerned, there was a com. 
plete vindication of the present setup of the 
Council. Two statements on the “Rela. 
tionship of Welding Research Council to 
AMERICAN WELDING SOcIETY”’ and th 
“Method of Operation of Welding Re 
search Council’? were prepared by th 
Council and published by the Society, 

Probably no single agency parallels the 
work of the Council to a greater extent 
than the Ship Structure Committeg, spon. 
sored jointly by the U. S. Navy, U.§ 
Coast Guard, U. S. Maritime Commissio: 
and the American Bureau of Shipping 
This body, having a budget approximating 
that of the Council, is concerned wit! 
many of the problems which are of interest 
to the Council. There is some slight dif 
ference in the viewpoint in that the inves 
tigations of the Ship Structure Committee 
have an immediate practical objective 
and are applicable particularly to the Shi 
Structure field. Liaison representatives 
have been established between the tw 
bodies. Information is currently being 
freely exchanged; plans are under way for 
clearing a good part of the investigational 

program of the Ship Structure Committ 
through the publications of the Council. 

The most difficult job of the Council con- 
tinues to be the raising of the funds neces 
sary to keep the large programs going 
This has become increasingly difficult 
As a matter of fact, actual operations 0! 
the Council during the past year have bee! 
at the rate of about $200,000 rather th 
at the rate of $275,000 originally sched 
uled. Although the budget for the comms 
year will be of the order of one-quarter © 
a million dollars, in all probability actu 
operations will continue at the rate 
about $200,000. 

One of the factors contributing to % 
financial difficulties is the increased cost 
the investigational programs at (lie univ" 
sities. Heretofore it has been poss!" 
for the universities to operate succes 
fully with the matter of a few hunaree, 
a few thousand dollars for a specilic prey 
ect. Costs have now literally doubled, 
in some cases have more nearly trebi~ 
for the same accomplishments 
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The 
ward cost trend is still notcomplete. 
In spite of all this, the Welding Resee™ 


Counail is becoming better known all 
le activi 


the world. Probably no sigie 
contributes more to this state of @" § 
than the two regular public: tions 
Council, namely, the Welding Rest yr 
Supplement, published mo 
Supplement to THe JOURN" 
and made available in 
ports of current investigatios 
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OU produce strong welds more 
quickly with Revere No. 456 Low 
Fuming Bronze Welding Rod. And, 
what’s more, you work in comfort 
because there are no excessive fumes. 

Use Revere No. 456 for the bronze 
welding of cast and malleable irons, 
wrought iron, cast and wrought steel, 
cast and wrought bronze. These rods 
produce strong, sound joints with 
tensile strength of 56,000 to 67,000 
p-s.i. They have the comparatively low 
melting point of 1,600° F., which 
speeds your work by reducing the 
need for high pre-heats and post-heats. 


He just needs 


REVERE No. 456 LOW FUMING 
Bronze Welding Rod 


br 


You are always sure of top quality 
whenever you use Revere No. 456— 


for every lot is ‘‘flame-tested” to meet 


high performance standards. 

Other Revere Welding Rods are: 
Revere Bronze 380,ManganeseBronze, 
Herculoy, Phosphor Bronzes, Brass 
(Brazing Rod), Silicon Deoxidized 
Copper and Electrolytic Copper. All 
come in 100-pound cases or in 25- 
pound cartons, net weight, and are 
stocked by Revere Welding Rod Dis- 
tributors in all parts of the country. 
Write for folder giving technical data 
and net prices, 


COPPER AND BRASS INCORPORATED 
Founded by Paul Revere in 1801 
230 Park Avenue, New York 17, New York 


Mills; Baltimore, Md.; Chicago, Il; Detroit, Mich; New 
Bedford, Mass.; Rome, N. Y.—Sales Offices in Principal Cities, 


ADVERTISING 


Distributors Everywhere. 
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their comments and criticism on programs 
before actual work is started. . 
A total of 816 pages were published in 


vicinity and several local jobbers who 
make use of welding. 

This year, the Washington Section pro- 
gram has been directed along lines which 
it is hoped will encourage the participation 
of commercial representatives and partic- 
ularly, the local jobbers. Several of the 
speakers will discuss new processes and 
new applications of existing processes. 
These programs should be more attractive 
to local commercial people. 

In addition, at least two of the meetings 
are being supplemented by displays and 
demonstrations of the equipment. The 
first demonstration of Heli-Arc Welding, 
held at the Southern Oxygen Co. in 
Bladensburg, Md., on October 28th, was a 
real success. The Section officers were 
gratified by the attendance of 200 persons 
in spite of very poor weather. Thomas 
Herbst, Development Engineer, The Linde 
Air Products Co., presented a talk on 
Heli-Arc Welding of Lightweight Metals. 

The following is the program of meetings 
for the remainder of the season. ‘ 

Dec. 8, 1947, Garden House, Dodge 

' Hotel, 8:00 P.M. ‘‘Recent Develop- 
ments in the Metallurgy of Ferrous 
Welding,” by R. H. Aborn, Chief 
Metallurgist, U. S. Steel Research 
Lab. Joint meeting sponsored by 
American Society for Metals. 

Jan. 27, 1948, Pepco Auditorium, 8:00 
P.M. ‘Resistance Welding of Heavy 
Gage Materials,” by William J. 
Farrell, Application Engineer, Sciaky 
Bros. 

Feb. 24, 1948, Pepco Auditorium, 8:00 
P.M. ‘‘The Welding of Copper Base 
Alloys.”’ Speaker to be announced. 

Mar. 30, 1948, Pepco Auditorium, 8:00 
P.M. “Radio Frequency Heating.”’ 
Cinema, Part I, “Induction Heating’’; 
Part II, ‘Dielectric Heating.”” A. 
Valente, Electronics Sales Engineer, 
Westinghouse Corp. 

Apr. 27, 1948, Eleventh Anniversary 
Dinner. 


WESTERN MASSACHUSETTS 


The October 15th meeting was held in 
the Gilbert & Barker Mfg. Co. Allerton 


Tubes, Welded Steel. 
E. W. Allardt. 
55-64, (discussion) 64-66. 

Water Heaters, Manufacture. 
Fired Water Heaters, W. R. Persons. 
no. 12 (Aug. 1947), pp. 138-139. 

Welds, Inspection. 
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Current Welding Literature 


Continued from page 1094 


Electric Resistance Welded Steel Tubing, 
Iron & Steel Engr., vol. 24, no. 8 (Aug. 1947), pp. 


Fabrication and Welding of Oil- 
Machy. (N. Y.), vol. 53, 


Magnetic Particle Inspection of Weldments, 
S.L. Heary. Metal Progress, vol. 52, no. 1 (July 1947), pp. 88-90. 


the Research Supplement for the fiscal 
year ending Sept. 30, 1947. The annual 
reference to the value of the parentage of 


Section Activities 


(Continued from page 1144) 


Towne gave a talk and showed a movie on 
“Stud Welding.’”’ Actual operation of the 
Stud Welder was shown. 


WESTERN NEW YORK 


The regular monthly meeting was held 
on October 30th at the Hotel Touraine, 
Buffalo. C. B. Voldrich, Battelle Memo- 
rial Institute, presented his well-known 
work on cold-cracking in the heat-affected 
zone of welds. The effects of hydrogen 
and other factors on this phenomenon were 
well presented and provoked a lively dis- 
cussion among those present. 

A capacity ¢rowd appeared for the regu- 
lar dinner and social gathering as well as 
the meeting that followed; approximately 
50 were present for dinner and over 90 for 
the meeting. 

A review of the WerELpING Socrety 
activities held in conjunction with the 
Metal Congress preceded the speaker of 
the evening. Congratulations were pre- 
sented to those who took part in the activi- 
ties in Chicago, and it was mentioned that 
a very good percentage of men from the 
Niagara Frontier were present for at least 
part of the Congress. 


WICHITA 


A three-day Welding Engineering 
Course sponsored by the Wichita Section 
was held on November 11th, 12th and 13th 
at the University of Wichita, Aeronautical 
Room. The course was conducted by 
R. H. Davies, Consulting Engineer. The 
course covered the following subjects: 
Basic .fund&amentals of welding, use of 
correct electrodes and procedures, distor- 
tion control, practical shop problems; 
design, redesign and construction of ma- 
chinery, functional parts; structural de- 
sign for welding and field practice. 


WORCESTER 


Dinner meeting was held on October 
27th in the Sanford Riley Hall, Worcester 
Polytechnic Institute. James R. Craig 
of The Linde Air Products Co., discussed 


Welds, 


Engineering Foundation and the sponsor. 
ship of the major Engineering Societies 
bears repetition. 


special welding and specialized cutting 


processes, in addition to his general sub-’ 


ject, “Gas Welding and Cutting.” Mo- 
tion picture on the subject matter followed. 
A display of welded samples was also 
shown. 


YORK-CENTRAL PA. 


The Technical Committee of this Sec 
tion sponsored a unique program on Nov- 
ember 5th. Various types of electrodes 
were explained and demonstrated by 
Harold N. Ewertz of The McKay Co. and 
Richard K. Lee of the Alloy Rods Co. 
The meeting was held at the Atreus Wan- 
ner Vocational School, York, Pa. Dinner 
was at the Yorktowne Coffee Shop. 

The subject of the January 1948 meet- 
ing will be ‘‘Welding of High-Alloy Steels.” 
Subject of February 1948 meeting will be 
“Heliarc Welding.’’ Subject of March 
1948 meeting “Improvements in Cutting 
of Stainless and Mild Steel.” 


CANADIAN 


The Toronto Chapter of the Canadian 
Welding Society held its October meeting 
on the 6th at Malloney’s Art Gallery. 
William J. Poehiman, A. O. Smith Corp., 
spoke on ‘‘Spectroscopy Applied to Welc- 
ing.” 

The November meeting of the vronto 
Chapter was held on the 5th at Malloney’s 
Art Gallery. “The Canadian Welding 
Bureau, Its Scope and Acitivities,’’ a pape! 
by R. M. Gooderham, General Manager, 
was presented by W. R. Stickney, Weld- 
ing Engineer. 

The Kitchener-Waterloo Chapter held 
its November meeting on the 5th at the 
K-W Y.M.C.A. Auditorium. M. J. Waite 
Welding Engineer, Aluminum Labor i 
tories, Ltd., Kingston, spoke on Ajum- 
inum Welding and Brazing.” 


Testing. Fatigue Tests by Resonance a 
Method on Four Welded H-Beams, A. L. Percival and 8. 


Inst. Welding—Trans., vol. 10, no. 3 (Welding Research Sup?! 
(June 1947), pp. 6-22; see also Metallurgia, vol. 36, no. 215 (PEP 


1947), pp. 243-244. 


2-5, 20. 
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Welded Steel Structures. 
Built-Up Girders and Compression Members. 1947), BP. 
Trans., vol. 10, no. 4 (Welding Research Supp.) (Aug. *Y*' 


Welds, X-Ray Analysis. 
Examination of Welded Joints in Mild Steel eeemere Supp.) 
Inst. Welding—Trans., vol. 10, no. 4 (Welding Resear: 

(Aug. 1947), pp. 16-20. 
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THE ENGINEERING FOUNDATION 


Welding Research Council 


Sponsored by the American Welding Society and American Institute of Electrical Engineers, 
American Institute of Mining and Metallurgical Engineers, American Society of Civil Engineers, 
and American Society of Mechanical Engineers 


———_ Supplement to the Journal of the American Welding Society, January, 1947 


Synopsis 


Section 1 reviews previous methods of detecting flaws 
in steel by means of sound waves, especially of high fre- 
jwency. A short account of a method of measuring 
lamping of oscillations of high frequency and very small 
amplitude is included. 

Section 2 describes apparatus employing piezoelectric 
juartz transmitters for producing intermittent pulses 
{ supersonic waves and receiving them on similar quartz 
rystals after reflection, the reflected waves being elec- 
rically amplified and indicated on a cathode-ray oscillo- 
sope. The conditions for obtaining.sharp indications 
ire discussed, as well as the effects of the degree of finish 
i the metallic surfaces under examination. 

In Section 3 are given the results of applying the new 
method in works practice, including large masses, billets, 
plates, castings and welds. The conditions necessary 
ior the satisfactory use of the apparatus for practical 
testing are discussed. It is maintained that supersonic 
‘esting should be regarded primarily as a new instrument 
1 mvestigation, giving information which cannot at 
present be obtained by more usual methods. 


Section 1—Introductory 


By C. H. Desch, F.R.S.+ 


OUND waves have long been used as a simple 

means of detecting flaws in steel, a familiar example 
. being the tapping of railway wheels with a light 
~ umer. The ringing note given out by a sound mass 
steel becomes dull or harsh when a crack is present, 
“wig unpleasant sound of a cracked bell is proverbial. 
. ne aon method serves only to detect gross flaws, 
the dete age. being large in comparison with most of 
to occur in practice, find their way 
»stacle. Various attempts have been made 
seth € test more sensitive, including the use of a 
_ scope, but tests at the National Physical Labora- 
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The Detection of Cracks in Steel by 
Means of Supersonic Waves 


By C. H. Desch, F.R.S., D. O. Sproule, M.Sc., F.Inst.P. and W. J. Dawson, A.Met. 


tory showed the method ,to be entirely untrustworthy. 

So-called acoustic methods of testing have therefore 
little importance, but by shortening the wave length 
until it is comparable with the dimensions of the flaws 
to be expected an entirely new range of sensitiveness is 
reached. These short waves are known as “‘supersonic”’ 
or ‘ultrasonic’ waves, the former term being preferable. 
As produced by modern methods their wave lengths in 
air range from 1.6 cm. to 0.6 K 10~* cm., as compared 
with 1300 cm. for the middle C of the piano. The 
velocity of sound in steel being nearly 16 times as great 
as in air, the wave lengths become: 


At 20,000/sec., 5.1 mm. 
At 5 X 10*/sec., 0.01 mm 


Wave lengths between these values are generally used. 

There are two principal methods of producing super- 
sonic waves, depending on magnetostriction and on the 
piezoelectric effect, respectively. In both methods ad- 
vantage is taken of the fact that when an alternating 
potential is applied to a mass of suitable material an 
expansion takes place during one-half of the wave and a 
contraction during the other. A magnetostriction 
oscillator is of nickel or a nickel alloy, while a piezo- 
electric oscillator is of quartz or less often of tourmaline. 
The exciting circuit, tuned to the natural frequency of 
the oscillator, is provided by a thermionic valve. For 
high frequencies one of the harmonics is used instead of 
the fundamental oscillation. 

The first application of supersonic waves to the 
detection of flaws in metals appears to have been in a 
German patent of 1931.! It was worked out in detail 
and applied to masses of steel up to 1 m. thick by Soko- 
loff.2 The oscillator, built up of a number of pieces of 
quartz, was placed between two horizontal plane steel 
plates, the upper plate being in contact with the surface 
of the steel to be tested or, if that were not perfectly 
plane, with an intervening layer of mercury. The two 
steel plates were connected to the terminals of the 
circuit. A small flat-bottomed trough containing a 
liquid was placed on the top of the specimen, and a 
parallel beam of light reflected from its surface showed 
characteristic interference patterns produced by the 
waves, which could be projected on to a screen. Ob- 
viously such a method could give only very general 
indications. 


4 
ng 
+ 
: 
Ov- 
des 
| 
and 
Co. 
‘an- 
iner 
eet- 
Is ” 
be 
arch 
ting 
- 
l-s 


An improvemert consisted in producing a shadow 
picture of the defect.* The specimen was placed ver- 
tically and the beam of waves sent through horizontally, 
being received in a trough containing xylene in which 
aluminium flakes were suspended. These flakes set 
themselves perpendicularly to the direction of the train 
of waves. An internal flaw in the mass of metal deflects 
the beam and produces a dark shadow in the glistening 
suspension of aluminium. When the possibility of using 
supersonic methods of testing was brought to the knowl- 
edge of the Hair-Line Cracks Subcommittee in No- 
vember 1939 it was this method which was selected for 
experiment. A somewhat similar apparatus was used 
to examine the quality of joints in girders, etc., contact 
being made through water, and the same apparatus was 
used to detect laminations in sheets.‘ 


Much work in this field has been done in Russia, and 
as the original papers are rather inaccessible reference 
may be made to a review of the Russian literature. In 
one form of the apparatus a telephone receiver was used 
to receive the transmitted waves for thicknesses of 
8-10 cm. and a valve voltmeter for thicknesses up to 
30 cm. Frequencies up to 10’ cycles were employed 
and only 20-50 w. were required. The objects.to be 
tested were immersed in oil, and in this form the appa- 
ratus, which was rather complitated, was used to detect 
flaws in Duralumin propeller blades and the heads of 
rails. A photographic record of the indications could 
be obtained. 


Messrs. Henry Hughes and Son, Ltd., having much 
experience with supersonic apparatus, were approached 
by the writer on behalf of the Hair-Line Cracks Sub- 
committee in April 1940, the shadow method of Pohlman 
being first considered. Experiment by this method 
failed to detect hair-line cracks, although gross dis- 
continuities such as saw cuts could be detected, and it 
was only in 1942 that D. O. Sproule, using the principle 
of echo sounding, devised the method which is described 
in Section 2 of this paper. The power required is much 
less than that consumed in the Pohlman apparatus. 
As a consequence of disctissions in the Subcommittee, 
supersonic testing sets have been supplied by Messrs. 
Hughes to a number of steelworks and laboratories, and 
practical experiences in the testing of a variety of prod- 
ucts are described in Section 3 of the paper. 


The first demonstration of the apparatus to members 
of the Subcommittee was on July 19, 1943, since when 
there has been constant collaboration between the 
makers of the instrument, the steelmaking firms and the 
Subcommittee. 


In the meantime, experiments had been in progress 
in America, the results of which became known in this 
country only after the events deseribed above. They 
may be briefly mentioned here. The Supersonic Re- 
flectoscope, developed by Sperry Products, Inc., makes 
use of only a single quartz crystal, which both sends 
and receives the waves, which are sent out in pulses. 
An oscillograph is used as in the British instrument. 
The apparatus was devised particularly for use on 
interior surfaces, and the quartz crystal was sometimes 
ground to shape to fit the interior of a tube, contact 
being made with a film of oil. For such purposes 
flexible leads up to 20 ft. long have been used with some 
sacrifice of sensitiveness, provided that the grain size of 
the metal under test is small. With a frequency of 
5 X 10° cycles/sec., each pulse consisting of only 5 waves, 
a '/,-in. brass plate with an average grain size of 0.03 
mm. gave 12 successive reflections in one experiment, 
with grains 0.075 mm. only 6, and with 0.105 mm. 
only 3. 

The Sonigage,’ devised for the inspection of hollow 
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propeller blades, does not measure the interval between 
emission and reception directly, but measures the fre. 
quency at which resonance is set up. 


Some of the methods mentioned in the early part of 
this introduction made use of lenses to concentrate thy 
supersonic waves, consisting of copper lens-shaped 
containers holding a liquid. The absorption was con. 
siderable, and it has been pointed out® that synthetic 
resin is preferable to copper. Experiments are being 
made with lithium, which should transmit 95.9°; oj 
the beam when immersed in paraffin. Spherical mirrors 
have been used in place of lenses. 

In the earlier period of this investigation, methods 
depending on the measurement of the damping o| 
acoustic waves were also considered. Most damping 
methods give rather unsatisfactory results on account 
of the very great absorption of energy in the appliances 
for holding the specimen, this often exceeding the ab 
sorption to be measured. The arrangement devised by 
the late Dr. Frommer’® avoided this difficulty. Torsional 
oscillations were found to give results which wer 
virtually independent of the frequency and amplitude, 
while the methods of suspension were such as to make th 
absorption of energy in the supports entirely negligibk 
The source of power was an audio-frequency oscillator 
in which two radio-frequency oscillators were arranged 
to give beats with a smoothly adjustable frequency oi 
from 60 to 6000 cycles/sec. A power amplifier with an 
output of 12 w. feeds the exciting unit. The pole tips 
of a polarized electromagnet are placed close to a small 
block of low-hysteresis alloy cemented to the end fac 
of the cylindrical specimen. There is an_ identical 
arrangement at the further end to act as receiver. This 
is connected to a four-stage amplifier. Amplitudes 0 
vibration are indicated by a copper-oxide rectifier volt 
meter and a cathode-ray oscilloscope is connected across 
the amplifier to indicate the wave form and to check th 
agreement of the vibration frequency of the specimen 
with the driving frequency. Measurements are madi 
‘at all the torsional tones within the range of the appa 
ratus. After setting the oscillator to the resonane 
frequency of the specimen the fine tuning control 1s 
adjusted until the amplitude is a maximum. The power 
is then shut off and the time taken for the amplitude to 
fall to half its initial value is taken with a stop watch 


It was found that if two specimens in exactly th 
same state as regards composition and heat treatment 
were compared, one containing internal hair-line cracks 
and the other being free from them, the damping of tht 
cracked was higher than that of the uncracked specimen 
but the method proved to be exceedingly sensitive ' 
differences of heat treatment. This property may pro“ 
to be useful. The condition of the surface of the spe 
men greatly influences the damping, the maximut 
torsional stress occurring in the surface. Means have 
therefore to be taken to remove rust and scale and 
obtain a uniform surface. 

With these precautions the method was found to 
perfectly reproducible results. The difference 1” . te 
ing between the quenched and the tempered conditions 
of a steel with 0.6% of carbon was easily asurabl 
and the same figures were obtained on repeating the oe 
of heat treatment. The torsional-oscillation method ™ 


the advantage over other means of applying “° er 
that it is independent of the frequency over @ \“") aad 
range, and that it can be carried to a range 0! © ing 
approaching that of the older methods of mci 9 
damping, all of which suffer from the fact Ls or 
plastic deformation is always involved. poe tic 
method allows of measurements well within the © 
range of the steel. 
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Although this method does not seem to be of general 
pplication in the detection of internal defects in steel 
mn account of its sensitiveness to variations in the struc- 
tural condition, it may prove a valuable means of in- 
vestigating the changes brought about by heat treat- 
ment. It has already been applied with success to the 
examination of light alloys, in which the structure is less 
dependent on thermal treatment than is that of steel, 
3) that the presence of internal defects is shown up 
without ambiguity. 


Part I—Introduction 


$ 1. The use of supersonic waves for the nondestruc- 
tive testing of materials has frequently been proposed 
ince the discovery of convenient methods of initiating 
ind detecting such waves. This possibility depends on 
the use of a frequency high enough and a wave length 
short enough to secure rectilinear propagation of the 
supersonic radiation. This condition is reached when the 
bstacle is large in comparison with the wave length, 
ind in general a detectable shadow is cast and detectable 
reflection occurs when the target has dimensions of the 
rder of one wave length or greater. Most known ma- 
terials will transmit supersonic waves a few millimeters 
rt less in length over a useful range of distance. Ob- 
viously this opens up the prospect of detecting flaws in 
the interior of bodies opaque to light. 

} 2. The analogy with X-rays immediately springs 
to mind, and appears to have been the guiding idea in 
most of the work published hitherto. A continuous 
supersonic source has been used, and various detectors 
lave been employed to reveal the shadow or echo. The 
nalogy with X-rays breaks down, however, in a number 
oi ways, and this accounts for the meager success claimed 
lor the above method. 
$3. X-rays are not reflected or refracted appreciably 
irom the boundary of a solid or liquid medium, whereas 
‘upersonic rays are generally reflected and refracted 
ieavily. This simple difference is of great importance 
in the practical application of supersonic waves to the 
detection of flaws. For instance, suppose that we wish 
‘0 scan a sheet of steel or other solid by placing it be- 
‘wee a supersonic transmitter and receiver in a liquid 
bath. It will be necessary for the radiation to be inci- 
nt normally on the sheet to some accuracy, as total 
reflection will take place between 10 and 15° for water, 
il, mercury and most useful liquids. Moreover, even 
‘t normal incidence the coefficient of reflection at the 
iquid-solid interface will be so high that the energy 
‘ue to direct transmission from the transmitter to the 
“selver will be small in comparison with the energy 
Which has suffered multiple reflections between the 
_— surfaces of the sheet or between the surfaces of 
shi “es and the walls of the bath. Asa result, a flaw 
* , would otherwise be capable of casting an easily 
ectable shadow is completely obscured by these 
ee reflections. The same difficulty is met with in 
ps 08. to detect an echo due to a flaw when using 


_vitinuous train of waves. This is discussed further 


) 
=¥% ou, 


device to be described here, the difficulty 

eYstem P Bagg ections is overcome by using a pulsing 

—“" similar to that used in a ship’s echo sounder. 
» Received Feb. 5, 1946 
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Section 2—The Supersonic Flaw Detector 
By D. O. Sproule, M.Sc., F.Inst.P.! 
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A train of waves is sent out which is so short that it 
occupies a space less than the distance between the 
boundaries of the medium being investigated. More- 
over, the transmitted and reflected wave trains are shown 
on a cathode-ray tube in such a way that they do not 
interfere, and it is possible to detect a very small echo 
even though it may be followed by reflections containing 
hundreds or thousands of times as much energy. 

§ 5. This desirable effect is secured by employing a 
system in which the cathode-ray time base is first set 
in operation, and a very short time later a short trans- 
mission is sent out. The echo and subsequent reflec- 
tions cause transverse deflections of the cathode-ray spot 
and the results are oscillograms of the sort shown in 
Fig. 8. The transmission time mark on the left of the 
oscillograms is due to electromagnetic-induction effects 
accompanying transmission and picked up by the re- 
ceiver amplifier. 

§ 6. To secure this clarity of indication it is essential 
to allow the successive echoes to die out before another 
transmission occurs (see § 39 and Fig. 16). 

§ 7. The general appearance of the equipment is 
shown in Fig. 7. 


Amplifier Cathode - ray 
tube 
| + 
| 
Transmitter Transmission ‘ 
driver 


Time base 
Receiver 


Test-piece Transmitter 


Fig. 1—Schematic Diagram of the Apparatus 
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(b) 
Fig. 2—Probe Heads (a) Without and (b) with Wedge 


Part II—The Apparatus 


General Arrangement 


§ 8. Figure 1 is a diagram of the various parts of 
the equipment. Rawa.c. is used to trigger the thyratron 
time base once per cycle. The voltage impulse which 
sets the spot in motion across the screen is fed to the 
transmitter driver through a simple delay circuit to 
produce the transmission at an appropriate time. As 
shown in Fig. 1, the transmitter is mounted on a wedge 
which directs the beam of supersonic energy into the 
region of the specimen that is to be tested for flaws, and 
the receiver is tilted by a similar wedge to make it sensi- 
tive to reflected energy coming from the same region. 
This wedge system is shown in more detail in Fig. 2 (0), 
and a rough indication of the directional characteristic 
of the beam is shown in Fig. 3. In Fig. 3 (a), the trans- 
mitter and receiver are shown without wedges; in this 
position the system is insensitive to flaws near the 
surface, but beyond this it is capable of detecting flaws 
over a large range of distance. 

§ 9. The receiver amplifier is arranged to give a 
vertical deflection to the spot at the moment of arrival 
of the echo; the time base is arranged to give an ap- 
proximately uniform velocity of the spot from left to 
right. 


The Transmitter-Receiver System 


§ 10. The piezoelectric effect of quartz is used to 
convert the energy of a damped train of electrical waves 
to a damped train of supersonic compressional waves. 
The returning echo is converted from a compressional- 
wave disturbance to an electrical vibration by the 
converse piezoelectric effect and is subsequently ampli- 
fied. The transmitter and receiver are composed of 
similar crystals of quartz, each 2 cm. in diameter and 
approximately 0.1 cm. thick, with a natural frequency of 
2'/. megacycles. In steel, aluminium and most alloys 
of the latter, the total beam angle is about 16° and the 
wave length is approximately 0.24 cm. Most metals 
have elastic constants which lie between these values 
and one-half of these values. 

Both the transmitter and the receiver crystals are 
mbunted in arrangements designed to give mechanical 
and electrical shielding which are commonly called 
“probes.”” These probes mainly take the two forms 
shown in Fig. 2. In Fig. 2 (a), the quartz is separated 
from the sample to be tested by a thin plate which may 
be only approximately 0.004 in. thick (nonresonant) or 
0.050 in. thick (resonant). In Fig. 2 (6), the quartz is 
mounted on a metal wedge in order to incline the beam 
axis to the surface of the sample as shown in Fig. 3 (0). 
In special cases it may be desirable to use the bare 
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quartz on the metal, as there is then only one oil fily 


between the quartz and the sample to be tested. 


The Transmitter Driver 


§ 11. The transmitter-driver unit applies a damp 
train of waves with an amplitude of about 300 v. to th 
transmitter. The train is damped to half value ; 
about 4 cycles. The transmitter is connected in paral 
with an inductance, and the damped train at a frequen 
of about 2'/, megacycles is generated in this system | 
discharging a condenser through a thyratron. Alter 
native frequencies of 1'/, and 1/2: megacycles can } 
provided, as shown in Fig. 10. 


The Receiver Amplifier 


§ 12. This is an inductance-compensated resistane 
capacity coupled amplifier. Its total gain is in ¢! 
neighborhood of 100,000 times. Since the final stag 
is a pulse amplifier, the frequency response of the fir 
four stages only is shown in Fig. 4. 


The Time Base 


§ 13. The time base is a very simple one whi 
involves the discharge of a condenser through an 1 
ductance by means of a thyratron. The thyratr 


conducts current only during the working stroke and i 


then extinguished and the condenser recharges throug 
a resistance. To a first approximation the voltage ou! 
put from this arrangement is half a sine wave, this bein 
the half between the peak and the trough which 
straight enough for a sufficient length of time to be use! 
in this case. The time-base velocity is changed | 
varying the inductance. In the extreme 
working stroke may occupy as little as 20 usec. or 
much as 3000 yusec., whereas the return stroke 
waiting time is nearly 20,000 usec. Because of the long 
waiting time it is necessary to arrange that the bea 
is visible only during the working stroke and 1s co! 
pletely extinguished during the return stroke. A po 
tion of the working-stroke voltage is applied to t 
control grid in conjunction with the voltage-limutm 
diode in order to secure a brightening impulse wi 
increases the intensity of the spot by the required amou 
during the working stroke only. 
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a 
‘art III- Some Theoretical Considerations of Practical 
Importance 
) 14. The flaw detector is an application of echo- 
sounder principles to sounding in a “‘solid sea.”’ As 
¢ probes are moved about the surface 
the medi echoes varv j 
ne medium the echoes vary in time jpcres 
‘ atrival and in intensity. Most of +0002 
Variations have some significance, 
ue in order to derive the full benefit ~9.992 
Tom them it is necessary to know some- 
the bet the physical laws which govern 
DeNavior of > ac ave 
f the sound as it travels 40.006 
the transmitter, through the 
medium to the sample, back 
ium the flaw or from the boundary of *°°°% 
— under investigation, and 
\, ack into the receiverasanecho. 
‘0 atte AS 
will be made here to derive 


imate the fundamental laws 
vill be on but some useful equations 
Siven and their relevance to 


flaw detection will be indicated. 


: The actual user who 
requires more complete information is referred to standard 


textbooks on sound and supersonics.* 

§ 15. In using the supersonic flaw detector it must 
be constantly borne in mind that both the transmitter 
and the receiver are directional. The complete and pre- 
cise description of the directional characteristic at all 
distances from the quartz is very elaborate and is not 
necessary for most purposes of the flaw detector. The 
main point to bear in mind is that most of the energy 
streams away from the quartz in the form of a conical 
beam, with the axis of the beam lying along a line normal 
to the center of the quartz. The exact distribution of 
energy in the beam depends upon various factors in 
practice, and, in the ideal case, upon the ratio of the 
radius of the disk to a wave length. In the ideal case 
a plane circular area of a homogeneous medium is set 
into motion in such a way that the amplitude and phase 
are equal over its whole surface. For positions remote 
from this surface, the beam has a maximum intensity on 


the axis, and falls off to a minimum at an angle 6 derived 
as follows: 


6 = 0.61 (1) 
where 


A = wave length 
r = radius 

§ 16. There are several precautions to be observed 
in using this equation. The radius r can generally be 
measured direct from the disk, and in most cases \ is 
most conveniently obtained from the equation: 


= C/n (2) 
where 
C = velocity in the medium in which the beam exists 
n = frequency of vibration 


§$ 17. Some caution must be employed in taking the 
value for C from tables. In most cases tables showing 
the velocity for liquids can be used without fear of error, 
but, in the case of solids, it should be remembered that 
vibrations travel at different speeds in the same solid 
under different conditions. In most applications of the 
flaw detector so far, we have been concerned mainly 
with the longitudinal form of vibration in the bulk of a 
solid. This travels with the highest velocity and so 
the echo due to this type of vibration arrives first, and 
can be clearly recognized. The velocity is determined 
by the elastic constants of the solid and the density, 
according to the following equation: 


1 — o — 2a)’ 


(3) 
* Wood, A. B., Text-Book of Sound, London, G. Bell and Sons, Ltd Berg 
mann, L., Ulirasonics, London, G. Bell and Sons, Ltd. (1938 
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where 
k = volume elasticity 
= rigidity 
E = Modulus 
o = Poisson’s ratio 
p = density 
§ 1S. The transverse mode of vibration which can 


be seen in some of the oscillograms of Fig. 8 travels more 
slowly and is given by the equation: 


C = (u/p)'* (4) 


§ 19. There are at least two types of surface wave 
which also travel more slowly and which sometimes 
appear as an interfering disturbance against which pre- 
cautions must be taken (see § 27). Finally, in a bar 
which is much less than a wave length in diameter, a 
longitudinal vibration has a velocity (v) less than the 
“bulk” velocity which is given by the equation: 


V = VE/p (5) 
where 


E = Young’s Modulus 

p = density . 

§ 20. Practical considerations dictate that the trans- 
mitter and the receiver must be mobile, and it is therefore 
necessary to use a fluid coupling medium between the 
transmitter, the receiver and the sample under test. 
To understand the possibilities and the limitations of 
this technique, one should be thoroughly familiar with 
two laws governing the transfer of wave motion from 
one medium to another. The first is the law governing 
the change in direction of travel of the wave front, 
i.e., the refraction in passing from one medium to an- 
other; the second law is that governing the intensity in 
the reflected and the refracted energy. 


§ 21. The angle of the refracted ray is given by the 
well-known sine law (Wood, op. cit., p. 301): 
sin@; 
sin. Cy (6) 
where 
6: = angle of incidence 
62 = angle of refraction 
C, = velocity in first medium 


C; = velocity in second medium 


In the case of water and steel, C; = 1.5 X 10° and 
C,; = 6.1 X 105 cm./sec. For small angles sin 6; = 4; 
and sin 6. = @. In this case a small inclination of the 
surface of the solid to the wave front is magnified over 
four times. 

§ 22. Total internal reflection occurs when #, = 90°: 


sin 6; = a 
2 


For the case of water and steel cited above 6; = 14°, 
and for all angles greater than this no energy penetrates 
the solid. 

§ 23. Wood (op. cit., p. 302) gives the ratio of 
amplitude in the reflected and the incident rays as: 


. (7) 


where R; and are the products piC, and re- 
spectively, products defined as the ‘‘specific acoustic 
resistances” of the media. In the case of water R; is 
1.5 X 10° and in the case of steel R, is 4.75 K 10°. Sub- 
stituting these values in the above equation: 


46 X 10° 
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Fig. 7—General Appearance of the Apparatus 


§ 24. The energy is proportional to the square ol 
the amplitude so long as the wave motion is in the same 
medium, so that the ratio of reflected to incident energy 
is given by (0.94)? = 0.88. Thus 89% of the energy 
is reflected and only 11% is transmitted. Expressed 
as a voltage amplitude developed in the receiver and tak 
ing the incident energy as giving unit deflection, the Te 
flected ray will give a.deflection of 0.94 and the trans 
mitted energy a deflection of 0.33. In order to detect 
the echo the transmitted energy must return through 
the boundary and is then reduced to 0.11 of the deflection 
due to the incident energy. This is quite apart [rom 
attenuation due to the divergence of the beam or 4 
tenuation on reflection from the target producing “ 
echo. 
25. It is clear that when the beam is project? 
from a liquid into a solid the echo is considerably weaker 
owing to the passage from one medium to pages 
Moreover, it must be detected in the presence 0! “ a 
much greater interfering signal due to undesirec echt 
from the surface of the solid. Fortunately we are ™ 
forced to work under these conditions and we ca! aia 
the transfer of energy in the transmitter syste™ ah 
sample under test by using a very thin film ©! " 
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of equation 6: 


Reflected energy _ 
Incident energy 
4 


This is based on Wood’s equation 10 (op. cit., p. 306). 
Using a value for R; of 1.5 & 10°, and for Rs of 4.75 X 
10° (for steel), a curve has been calculated and is shown 
in Fig. 5 over a range of values of //X from 0 to 0.25. 
The curve from 0.25 to 0.5 is a mirror image of the curve 
shown and the curve from 0.5 to 0.75 repeats the first 

wave length, and so on to infinity, if absorption is 
neglected. This curve is very interesting from the 
point of view of application. It shows that the energy 
ina reflected beam is one-half that of the incident beam 
for a ratio of //X of 0.01. As the wave length in water 
is only 0.06 cm., the thickness of film which is capable 
of reflecting half the energy is only 0.0006 cm., or 0.00025 
in. 

§ 26. It is implicit in the development of the equa- 
tions which govern the transftr of energy from solids to 
liquids that there must be continuous molecular contact, 
i.e., the liquid must wet the surface of the solid. Oil 
is a suitable liquid for most purposes. Soapy water, 
liquid soap, mercury, mercury amalgams and many 
other liquids have been used on occasion. Plain water 
on an oily metal surface would appear to be unsuitable. 
Mercury and its amalgams must be avoided in the case 
of aluminum and its alloys as air reacts rapidly on the 


Boundary echo 
Flaw echo 7 


In this case the following expression must be used instead 


aluminum in the amalgam which readily forms when 
mercury touches aluminum. 

§ 27. If the surface of a test sample is milled, it is 
generally corrugated by the tool, and in this case the 
transmitter rests on a series of lines spaced at regular 
intervals. This gives rise to a diffraction-grating effect 
if the interval between the lines is half a;wave length or 
more. The velocity of the surface wave is lower than 
the velocity of the compressional wave in the bulk of the 
material and it happens that the interval between lines 
more often compares with the wave length for this wave 
than for the compressional wave. In particular, if the 
interval between the corrugations corresponds to a wave 
length for the surface wave, the transmitter will send a 
lot of energy along the surface and the same condition 
will cause the receiver to be sensitive to that energy, and, 
as a result, a disturbance may be noted if the transmitter 
and receiver are placed with their centers on a line per- 
pendicular to the corrugations. It will readily be seen 
that if the transmitter and receiver are placed with their 
centers on a line parallel to the corrugations, then re- 
inforcement will not take place, and the sometimes 
troublesome ‘‘cross noise’ will not appear on the screen 
and will not confuse the interpretation of results. This 
is shown in Fig. 12. 


Use of the Beam 


§ 28. With the above theoretical points in mind we 
may now turn to the problem of making the best use of 
the beam. We have seen why it is preferable to apply 
the transmitter and receiver to the surface of the sample 
to be tested instead of shooting a beam of supersonics 


Fig. 8—Investigation of 
the Reflections from 
Holes Drilled Parallel 
to the Surface, Show- 
ing (a) the General 
Arrangement, and (b) 
the Oscillograms Ob- 
tained 
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at the solid sample through a liquid. For the time have placed the probes on the sample with their ayes earlie 
being let it be assumed that the sample has a plane parallel, as shown in Fig. 3 (a), and the beams intercept. there 
surface and that the corrugations are small compared ing at a distance of.about 4 in. Under most conditions echo 
with the '/;-wave length and may therefore be treated of use there is a boundary echo which is very often re. usual 
as a plane surface. Further, let it be assumed that we ferred to as the bottom echo. If another echo appears If the 
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Fig. 9—Detection of a Small Hole at a Large Distance, Showing (a) the Position of the Hole, and 
(b) Oscillograms Obtained with (i) No Hole, and (ii) the Hole Shown in (a) 


(ii) 
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Fig. 10—Voltage Wave Form Applied to Transmitter Obtained Fig. 11—Oscillogram Showing Detection of Flaw at ’/, In. 
with Various Frequencies 
Trensmitter ond Transmitter and receiver 
receiver on a on line perpendicular 
line poralle/ to to corrugotions 
corrugations 
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(b) 
Fig. 12—Investigation of the Effect of Regular Sedhes 
L Corrugation, Showing (a) the Sample Used and * 
Y . QOscillograms Obtained with Probes on a Line | 
Parallel and (ii) Perpendicular to Corrugations 
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earlier than the boundary echo it is sufficient to show that 
there is a flaw in the material. The detection of an 
echo from a single position on the material does not 
ysually permit the flaw to be located at all accurately. 
If the secondary beams are included in our reckoning 
the degree of ambiguity as to the position of the flaws 


(b) 


of the Reflections from Holes Drilled 
, cular to the Surface, Showing (a) the General Ar- 
angement, and (b) the Oscillograms Obtained 
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is considerable. 
of the echo is the time of “go’’ and “return” of the sound 
energy and this merely serves to place the target on a 
parabola, and because of the existence of secondary 
beams the parabola may subtend quite a large area at 


The only fact conveyed by the position 


the transmitter-receiver position. If the flaws are small, 
the echo will generally be traced to a flaw inside the 
primary beam. 

§ 29. Since it is known that the maximum intensity 
in the beam lies along a line perpendicular to the center 
of the transmitter and also that the receiver sensitivity 
is a maximum along a line perpendicular to the center 
of the receiver, it is possible to locate the target more 
accurately by adjusting the transmitter-receiver system 
to give the maximum response. It is clear from Fig. 3 
that the results for targets close to the surface can be 
improved by tilting the transmitter and receiver. In 
this case the position of the target can also be more closely 
defined by shifting first the transmitter and then the 
receiver to give the optimum result, and it will be appre- 
ciated that the position of the target can be checked 
by two methods, one depending on the range shown on 
the cathode-ray oscillograph, and the other depending 
on the intersection of the transmitter-receiver axes. 
Using this latter system, flaws can be detected within 
'/, in. of the surface, as shown in the oscillogram of 
Fig. 11. Generally speaking, the flaw can be located 
to an accuracy cf about '/, in. up to distances of 1-2 ft. 


Reflection and Scattering from Various Targets 

§ 30. As most of the targets in practice are very 
irregular in shape, making it impossible to calculate the 
reflectivity, no detailed quantitative analysis will be 
given here. The main physical considerations which 
must be borne in mind in interpretation relate to certain 
idealized cases such as reflection from a plane surface, 
a disk, a sphere and a rough or mat surface. To simplify 
the discussion it will be assumed that the surface in 
question is backed by air, and in the majority of cases 
this assumption is a sufficiently close approximation for 
practical purposes, as a void in the interior of a solid 
body, even when as'thin as a wave length of light, is 
still capable of giving a very powerful reflection. 

§ 31. A plane surface which is a large number of 
wave lengths in extent will give specular reflection of 
the beam, and if the transmitter, receiver and flat re- 
flecting surface are suitably oriented, an intensity of 
reflection will be obtained corresponding to that obtained 
with the transmitter and receiver facing one another, for 
the same distance of travel of sound. According to the 
usual convention, a reflecting surface is taken as flat 
if the deviations from a true plane are nowhere greater 
than '/-wave length. The same criterion holds for 
regularly curved surfaces. To produce a mat surface 
the irregularities must amount to '/4-wave length or 
more. 

§ 32. A reflecting disk placed with its plane per- 
pendicular to the distance of travel of the wave will 
reflect its energy according to equation 1, § 15. If the 
disk is more than a few wave lengths in diameter, some- 
thing like specular reflection will be obtained. For 
instance, it is generally noted that hair-line cracks will 
give detectable echoes only when they are approximately 
parallel to the surface from which detection is attempted. 

§ 33. Reflection from a cylindrical cavity in the 
interior of a solid is of some practical importance. For 
a cylinder of large radius and relatively close to-the 
transmitter-receiver system, the reflectivity approaches 
that for a plane surface. A long, thin cylinder placed 


many diameters from the transmitter-receiver system 
becomes a “‘line scatterer’ as its diameter approaches 
and becomes less than a wave length. 


In this case 
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the reflection is specular in a plane containing the axis 
of the cylinder, but is omnidirectional in a plane per- 
pendicular to the axis of the cylinder (see § 37 and Fig. 9). 
~ § 34. A sphere is the only target for. which it is 
unnecessary to take into account its orientation with 
regard to the transmitted beam and the position of the 
receiver; the reasons are obvious. At one extreme 
reflection from a sphere of large radius approaches re- 
flection from a plane surface, and at the other extreme 
the echo can be treated as scattering from a body small 
in comparison with the wave length. As Rayleigh has 
shown, in this latter case, the amplitude of the scattering 
varies directly as the volume of the scatterer and in- 
versely as the square of the wave length of the incident 
sound. Thus, by increasing the wave length by a factor 
of four, the amplitude of the reflected sound from 
porosity can be decreased sixteen times, which is, of 
course, a very great practical advantage. The frequency 
employed will naturally depend on whether it is desired 
to detect the porosity or to detect a major flaw in the 
presence of porosity. 


Part IV—Some Typical Results 


§ 35. In Section 3 of this paper, a detailed discus- 
sion is given covering problems of practical application. 
It is intended here to present only a few results obtained 
with the flaw detector, mainly relating to cases where 
the physical conditions are known and have a special 
significance, or which will aid in understanding the 
results obtained in practice. 

§ 36. Fig. 8 (a) shows the arrangement of probes 
on wedges as used to detect a series of drilled holes 
ranging from 1/3. to '/, in. in diameter, drilled parallel 
to the surface from which they were detected and 1'/, 
in. from it. Fig. 8 (b) shows the oscillograms so ob- 
tained. The disturbance to the left of the oscillograms 
marks the moment of transmission. This is deliberately 
introduced in order to provide a zero time mark. The 
flaw echo is to the right of the center of the trace, and 
the amplitude shown is with reduced amplifier gain in 
order to avoid overloading of the amplifier by the weaker 
echoes. Overloading does occur on the echoes from the 
5/e4-, '/s- and '/4-in. holes, which explains why the echoes 
from these targets change less than one would expect 
from the change in diameter. The boundary echo is 
shown on the extreme right. 

§ 37. These oscillograms (in particular that of the 
1/s-in. diameter hole) should be compared with those 
shown in Fig. 9 (6). As indicated in Fig. 9 (a), the 
target is of about the same size and orientation with 
respect to the transmitter-receiver system, but about 
20 times farther away. Hence, the time base is slowed 
down accordingly. The echoes are so reduced in length 
that they are mere spikes. In the photograph they 
appear to be somewhat less conspicuous, but in practice 
this is not the case as the brilliance is greater at low 
speed, other factors being constant. Full gain was 
employed. 

§ 38. Figure 8 should also be compared with Fig. 
13. In the latter case the target is perpendicular to the 
surface on which the probes are placed. Full amplifier 
gain was used, and, even so, the echo from the */,-in. 
hole, at a distance of 11/4 in., is barely distinguishable. 

§ 39. The oscillogram in Fig. 16 shows multiple 
echoes obtained using a steel plate 4'/. in. thick. It 
is possible to count 24 successive echoes and the ampli- 
tude is reduced to only one-third. The 24th echo has 
traveled some 18 ft., and this requires a time of about 
1/500 sec. It will be readily appreciated that if the repe- 
tition rate was as high as 500 cycles/sec. it would be 
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impossible to distinguish a small echo in the presence oj 
the persisting reverberation. A little consideration oj 
this oscillogram would also show why continuous-waye 
methods have generally failed, as the reflected energy 
from a target will usually be superimposed on a much 
greater reverberation intensity. 

40. Figure 14 (a) shows curved adapters for ug 
with a round bar. A simple method of making the 
adapters is given in Section 3 of this paper. Figure 
14 (b) shows the echo obtained from the end of a °/,-in 
diameter hole, | in. long, drilled radially in the far side 
of the bar from the probes. 

§ 41. Figure 19 is self explanatory. The time-base 
velocity was held constant and the inductance across 
the transmitting quartz was varied to give the frequencies 
shown. 

§ 42. Figure 15 (a) shows the arrangement used t 
investigate the effects of surface roughness with various 
coupling media and frequencies. 

§ 43. Figure 15 (6) shows the oscillograms obtained 
under the following conditions: 


(a) Machined surface with oil (2'/,-megacycle filter 
Oscillograms (i)—(iii). 

(b) Rough surface, as-rolled, with oil (2!/s-megacyck 
filter): Oscillograms (iv) and (v). 

(c) Rough surface with oil (1'/s-megacycle filter 
Oscillograms (vi) and (vii). 


(b) 


Drilled 
Fig. 14—Investigation of the Reflections from 4 Hole 
ins Round Bar, Showing (a) Arrangement of the Probes te 
(b) Oscillogram Obtained with (i) No Hole, and (1!) e 
Shown in (a) 
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(d) Rough surface with amalgam (2'/,megacycle the wedges and the sample. The alternative method of 

filter): Oscillograms (viii) and (ix). reducing the effect of the coupling medium is to employ 
Oscillogram (i) shows a bottom echo only, while oscillo- 
gram (ii) shows a small flaw which gives a good echo 
but at the same time does not obscure the bottom echo. 
The flaw shown in oscillogram (iii) is so large that the 
bottom echo is almost completely masked. Oscillogram 
(iv) shows the best bottom echo and oscillogram (v) the 
strongest flaw echo that could be obtained under condi- 
tions (b). Oscillograms (vi) and (vii) show the effect 
of a 1'/4-megacycle filter in conjunction with a rough 
surface and oil, and it will be seen that much stronger 
echoes were obtained in both cases. For an explanation 
of this difference see § 26. The use of a lower frequency 
reduces the effective thickness of the oil film between 


Fig. 16—Multiple Echoes Obtained from a Steel Plate 4'/, In. 
Thick 
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(b) 
Fig. 15—Investigation of Effects of Surface Condition, Coupling Media and Frequency, Showing (a) Arrange- 
ment of Probes, and (b) Oscillograms Obtained 
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a medium which has physical properties more closely 
resembling those of the steel, and oscillograms (viii) 
and (ix) show the effect of using a rough surface and an 
amalgam. Reverting to the 2'/s-megacycle filter, it 
will be seen that the amalgam is much better than the 


oil. Instructions on. the preparation of a suitable 
amalgam are given in Section 3 of this paper. 

§ 44. Figure 6 shows the surface contour of the rough 
surface of the rolled billet used to produce the oscillo. 
grams of Fig. 15 (b). 


Section 3—Application of Supersonic Testing to 
Steelworks Problems* 


By W. J. Dawson, A.Met.t 


Part I—Foreword 


HE object of this section of the paper is to survey 
the results of investigations into the application 


of supersonic testing to steelworks practice, and 
to determine the scope of the method and the validity 
of the indications obtained, as a practical form of non- 
destructive testing. 

When instruments of the first standard patter were 
made available to a number of steelworks laboratories, 
it was arranged to exchange experiences obtained with 
the instruments, and to collaborate with the makers by 
bringing to their notice the opinions of the users on 
various technical features of the apparatus. By this 
means, operative technique would be advanced, and the 
instrument design directed along those channels which 
might offer the most fruitful scope for the development 
of this method of testing. 

A wide range of applications in the steelworks was 
explored, so that it was possible to arrive at some assess- 
ment of the value of the method. As a result of the 
collaboration between the representatives of the maker 
and the steelworks laboratories, improvements in certain 
technical features of the instrument, and in the technique 
of practical operation in service have been made, which 
have extended the scope and increased the sensitivity 
of the instrument. 

Observations from practical work with this instrument 
are discussed in the present section, and the value of the 
test has been assessed upon a practical basis. It must 
be stressed, however, that, whereas much information 
of a useful nature has been obtained by this method of 
testing, there has been little opportunity yet for work 
to be done to correlate the results of this test with the 
subsequent behavior of the material in service. Until 
these relationships have been established and a quanti- 
tative measure of service can be estimated by super- 
sonic examination, this technique should be regarded as 
a means of specialized examination and not of inspection. 
This phase of the development will undoubtedly take 
some time, for it involves observation of ultimate per- 
formance, an undertaking which from its nature must 
be scattered and delayed. 

The contributors who have undertaken this work 
and submitted the results upon which this section of 
the paper is based, are as follows: J. Glen, B.Sc., A.R. 
T.C., Messrs. Colvilles, Ltd.; H. Nicholson, A.Met., 
The English Steel Corporation, Ltd.; L. Rotherham, 
M.Sc., F.Inst.P., The Brown-Firth Research Labora- 
tories; W. R. Yates, B.Eng., Messrs. Hadfields, Ltd.; 
G. T. Harris, B.A., A.Inst.P., Messrs. Wm. Jessop & 
Sons, Ltd.; W. C. Heselwood, B.Sc., A.Met., The 
United Steel Companies, Ltd. 

Subject matter for the above contributors has been 
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submitted in certain instances by contributors other 
than those taking over the responsibility for the writing 
of the individual sections, the task having thus been a 
truly cooperative one. Part V has been compiled from 
the collective opinion of the investigators. 


Part II—The Technique of Supersonic Testing 


Since the earliest sets were made with the object of 
detecting the type of discontinuity in steel known as 
hair-line cracks, a frequency convenient for this purpose 
was chosen. Under these conditions, however, many 
other types of defect have been located. 

An initial problem was to establish: 


(i) The maximum and minimum distances at which 
it was desired to detect defects. 

(ii) The maximum and minimum size of flaw to bh 
detected, and—the associated problem —the 
minimum size of flaw capable of affecting the 
particular properties of the material requiring 
consideration. 

(iii) The length of the transmitter and receiver leads 
necessary to permit a survey of cases likely 
to be met with in practice. 


Target 


In regard to the above points, experience has show 
that many problems may be approached if the instru: 
ment is capable of covering a distance range of ‘> 
in., though for special purposes it might be desirable ! 
examine steel at distances as great as 20 ft. The app! 
cation of the method to sheets and plates at thickness 
of less than '/2 in. had been envisaged, but it was evidet 
that such a problem required the provision of technic 
features which could not be incorporated in the exist 
instrument. 

The maximum size of target encountered was that 
occurring in the lamination of plates, in which case \™ 
target might be several feet across. The minimum >" 
of the target was about '/ji5 in. in linear dimensio” 
when about 2 in. from the surface. 


Probes 


The character of the probes is bound up with a 
question of the general arrangement of the instrumen® 
and whether it has to be regarded as a laboratory insu 
ment or as a mobile unit suitable for use in the woken? 
Experience had shown that increasing the length of ne 
probes from 3 to 4 ft. had met most requirements %° ™ 

Some difficulty was experienced initially in 
interpretation of the trace on the screen, a5 ‘ 
in pressure on the probe system caused a marke 
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Stion in the intensity of the echo. This effect has been 
found to be due to the use of a very thin diaphragm 
which buckled under pressure, and the remedy has been 
indicated accordingly. Owing to this variable area of 
contact and also since the direction of the flaw is un- 
tnown, it is difficult to estimate the area of the discon- 
tinuity in the material. 


General Design from the User's Standpoint 


The first model, primarily intended as a laboratory 
instrument, has been used, with certain precautions, 
isa works instrument. The two components, the trans- 
mitter and the receiver sets, while too heavy to be carried 
readily for any appreciable distance, are sufficiently 
robust to enable them to be transported in the works on 
, well-sprung trolley. The cathode-ray tube may be 
viewed in full daylight, provided that a suitable screen 
is mounted for viewing purposes. The general arrange- 
ments of power required are only those of an ordinary 
ic. point, although a reasonably stable voltage is 
needed to maintain a steady trace. Photography of the 
trace is practicable with a suitable camera. 

The apparatus must be close to the object under 
examination by reason of the length of the leads and the 
need for close observation of the cathode-ray tube. 

Improvements had been made in the instrument in 
the course of the exploratory period discussed. Promi- 
nent among these was an input filter, designed to reduce 
transverse disturbance and to enhance the echo at the 
fundamental frequency of 2'/, megacycles. This in- 
reased the sensitivity of the instrument and assisted 
in the examination of sections of greater depth where 
the transverse waves were troublesome. With some 
ivestigators the filter was found to be necessary for 
lepths greater than 2 or 3 in. Occasionally, random 
scattering had been experienced, but observation of 
results with and without the filter had been found 
useful. In the case of small targets, as, for example, 
in detecting minute pipe in heavy plate, no results could 
recorded without the filter. The filter had also been 
iound to be of great use for testing 12-in. diameter bars 

porosity. 

The original time base was designed for the examina- 
‘ion of thicknesses up to 12 in. This limitation has 

een overcome by a modification to the time base, and 
itis now possible to explore depths extending to 12 ft. 


Preparation of Surfaces 


The usefulness of the instrument at the outset had 
een somewhat restricted by the necessity of having a 
‘mooth flat surface prepared on the material to be ex- 
‘mned, but subsequent investigations had enabled 
urved and even rough surfaces to be used also. This 
‘spect of the subject has been treated in some detail in 
‘ie subsequent sections. 


Types of Defect Discernible 


The frequency of the supersonic wave determines the 
a discontinuity which can be detected. Thus, in 
“bots and large sections which have suffered little re- 
— by forging or rolling, or in castings, “‘looseness’’ 
. oy may be observed. In forged or rolled ma- 
the 2 haa reflections observed are of significance and 
oth i of the defects may be assessed by a knowledge 
the story of the steel. In these respects particularly, 

requency is of prime importance. 
valk 7 purpose of calibrating the instrument to 
of 1 o3 equate location of defects, slabs were prepared 
©” in. in thickness, and the distance between the 
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point of initial impulse and the surface giving rise to the 
bottom echo was measured. The relationship between 
the depth of the specimen and the length on the time 
base is almost linear when the depth is properly focused. 
Small holes were drilled in a slab at different depths, 
and the estimated depths were plotted against the 
measured depth. When the correction for the thickness 
of the wedge was made, the estimated depth was found 
to be within '/, in. of the known depth. This calibration 
is required for each set. 

In the standard type of instrument used in this ex- 
ploratory work, the wave propagation takes place in a 
cone with an 8° angle of spread. This means that with 
a 40° angle of wedge, focusing is practicable to within 
1/, in. of the surface. Theoretically, signal strength 
should be reduced by increasing the length of the leads 
because of the greater capacity thereby introduced, 
but in practice this effect was found to be negligible, 
and leads up to 6 ft. in length have been used. With 
a wave length of 2 mm., a hole of '/3. in’ in diameter 
was ultimately detected at a depth of 8 in. 

Further information on the limits of sensitivity of 
detection will doubtless emerge as the method is appljed 
to a wider range of problems. Where a mass of dis- 


Fig. 17—Method of Testing for an Internal Clink 
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Fig. 18—Results Obtained from Various Positions (Indicated 
in Fig. 17) in the Vicinity of the Clink; Indications of Hair-Line 
Cracks Are Visible Within the Central Zone of the Block 


continuities is encountered as, for example, in certain 
types of ingot structures, or in a very badly flawed billet, 
the strength of the signal is lost, and even the bottom 
echo is not discernible, owing to dispersion of the incident 
or reflected wave. Thus the absence of a bottom echo 
may be an indication of the presence of defects, but it 
does not indicate their depth or nature. This random 
scattering may not be observed with lower frequencies. 


Nonmetallic Inclusions 


In general, nonmetallic inclusions are not indicated 
by the supersonic method of testing. Reflection of large 
individual inclusions has been observed in circumstances 
in which the area normal to the wave is appreciable. 


Part IlI—Practical Observations on Supersonic Testing 


A—TESTING OF LARGE MASSES 


(Contributed by H. Nicholson and L. Rotherham) 


In the course of routine inspection or in special investi- 
gations, it frequently occurs that a knowledge of the 
condition of internal soundness is of considerable value. 


Supersonic or echo-sounding principles have been ap- 
plied already to a variety of steel forgings and castings 
of appreciable size, and much useful information has beer 
obtained. In general, it can be said that every such case 
requires special and individual consideration, owing to 
the diversities in shape and size among the larger masses. 
Parts such as shafts and large billets are eminently 
suited to supersonic testing on account of their uni- 
formity of section, but there are many parts of over 
12 in. in cross section which are, of necessity, irregular 
in form, and in these instances comprehensive testing is 
considerably restricted. Here, localized scanning can 
yield valuable information, especially if carried out in 
zones of known susceptibility to internal unsoundness, 
and in the selection of such positions a sound metal- 
lurgical knowledge of the part in question is of the utmost 
value. 

The application of supersonic testing to large masses 
has required certain modification of the original instru- 
ment. The extension of the time base has permitted 
greater penetration, while the tuning of the amplifier 
has served to reduce the transverse waves and to elimi- 
nate pulse noise, and has enabled longer probe leads to 
be used. 

In many instances it has been necessary to operate 
the instrument in restricted spaces and in different parts 
of a works, owing to the difficulty of moving large masses, 
and here, relative compactness and portability have 
been a considerable advantage. 


Some Examples of Large Masses of Steel Tested with the 
Supersonic Flaw Detector 


A number of forged blocks, approximately 15 x 15x 17 
in., were examined with the flaw detector, their thermal 
history having suggested that internal cracks might be 
present. Reflections were obtained from the bottom 
after modifying the time base to extend its range of 
depth, and there were also several reflections of con 
siderable strength from various points inside the metal 
These reflections, which denoted hair-line cracks, were 
found to a greater or smaller extent in all the suspected 
blocks, but not in a block whose thermal history had 
been normal. 

Several hammer tups of 2 ft. cube to 3 ft. 6 in. cube, 
all made from the same ingot, were examined. Etching 
had shown hair-line cracks meeting the surface, and the 
flaw detector showed many such cracks inside most 0! 
the tups, though one was found to be practically ret 
from cracks. A strong echo was obtained from the 
central bore of the tup (a few inches in diameter) when 
the probes were vertically over it, but where the bottom 
surface was considerably inclined to the top surface, 


Fig. 19—Coincidence in the Estimated and Actual Positions of the Clink, After Half-Sectioning 
JANUARY 


14-s 


WELDING RESEARCH SUPPLEMENT 


(a) 


(b) 


(d) 


4, 
r 
Segin 
(d 
) 
th 
e | 
area, 
wav 
ave 
to | 
shov 
sect; 
ct 
94 
7 


‘mal 
t be 
tom 
e of 
con 
etal 
were 
cted 


had 


ube, 
hing 
1 the 
st of 

free 

the 
when 
ttom 
face, 


Fig. 20—Detection of Pipe in High-Alloy Steel 


a) Unpiped bar, no defects. (b) Edge of piped bar, defects 
ceginning toshow. (c) Center of piped bar, defects well marked. 
(d) Unpiped bar. (e) Piped bar. 


the bottom echo was weak or nonexistent over a large 
area. Near the edges, however, the sides reflected the 
waves back to the receiver, enabling a bottom echo 
to be obtained. The main use of the bottom echo is to 
show that the depth range of the time base is suitably 
set and that the sensitivity is sufficient; once these are 
known, the absence of a bottom echo due to geometrical 
effects alone need not prevent the effective testing of the 
material. 

In testing large steel masses whose length greatly 
exceeds any other dimension, the labor involved in test- 
ing the whole volume of the steel can be reduced con- 
a by testing from the end face, provided that 
rake a to be detected present a sufficient area as seen 
a ne end face of the piece. Two die blocks, approxi- 
= y 16 x 16 x 54 in., were tested in this way. A 

“ye crack had been found in each of the blocks when 
“ann was cut out, and the flaw detector was 
; fig C etermine whether the crack visible on the 
— erp far into the interior. In each block it 
nel nd that the crack covered almost the whole cross 

n. A bottom echo could be obtained only with 


Fig. 23—Portion of Radiograph Positive from Butt Weld on 1'/»-In. Mild-Steel Plate, 
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Showing Central Crack 


the probes at the edges of the end face, and a strong echo 
was received from the crack. The test was repeated 
from the opposite end, giving the same results. Thus 
each of the blocks contained a completely internal clink. - 

An interesting example of an alternative method of 
testing for an internal clink is illustrated in Figs. 17, 
18 and 19. A die block, 15 x 16 x 60 in., was examined 
with the flaw detector on one of the long faces, as shown. 
A transverse crack was visible on the exterior surfaces 
at 15 in. from one end, but the supersonic test showed 
that there was also a completely internal clink at a 
position 17'/, in. from the opposite end. Immediately 
over the clink there was no bottom echo at all, the crack 
apparently serving to dissipate or scatter all trans- 
mitted energy. It was found possible to plot the position 
of the clink by this method, and the results are shown in 
the photographs. Figure 17 shows the method of test- 
ing, and the results obtained from various representa- 
tive positions in the vicinity of the internal clink. Also 
evident in the traces are indications of hair-line cracks 
within the central zone of the block. Figure 19 shows 
the coincidence in the estimated and actual positions 
of the clink, after half-sectioning. 

Each case for examination has to be taken on its own 
merits, and in order to obtain the most informative 
results possible, it may prove necessary not merely to 
devise a particular method of approach, but to modify, 
to some slight degree, the supersonic instrument itself. 
An example of this occurs in the case of two rotor shafts, 
15 ft. long x 18 in. maximum diameter, which were 
suspected of having internal clinks similar to those found 
in the die blocks. The flaw detector was applied to one of 
the end faces with oil as the coupling medium, the quartz 
disk being placed directly on the steel; using the 2'/s- 
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Fig. 24—Macro Etching of Small Flaw Fig. 25—-Minute Hair-Line Cracks in 2'/:-In. Plate, Undetected by the Supersonic 
in Forged Bar. X8 Method When Using a Frequency of ple aaa but Revealed by Magnetic 
tching 


megacycle filter in the receiver, only an extremely weak 
bottom echo was obtained. However, by changing the 
output valve of the amplifier for a more sensitive one the 
sensitivity was increased about threefold, and by putting 
a tuning coil in the transmitter circuit a further fivefold 
increase was obtained. With this arrangement, strong 
bottom echoes were obtained, so that testing for flaws 
could then proceed. 

No major flaw echoes were found, so there were ap- 
parently no clinks. Small echoes were obtained, how- 
ever, in large numbers near the beginning of the trace, at 
maximum sensitivity. They were evenly distributed both 
over the cross section and in depth, and their amplitude 
decreased as their depth increased, becoming too weak to 
register beyond about 3 ft. A similar trace was obtained 
when testing from the opposite end, showing that the 
sensitivity, in terms of amplitude of echo from a flaw of 
given size, decreases appreciably as the distance increases, 
because of the spreading of the béam. Possibly some 
form of automatic gain control, operated by the time 
base, could be used to give constant sensitivity with vari- 
ation in distance. 

Examination of these echoes with a faster time-base 
range showed that the wave train of an echo had a rather 
sharp front, like that of a bottom echo, and unlike that of 
an echo from clouds of fine porosity. Also, a slight move- 
ment of a probe would make a considerable difference to 
the strength of an echo, suggesting that the flaw was 
planar in shape rather than spherical. Unfortunately, 
there was no spare material which could be cut off for 


further examination, and in view of the greatly increased 
sensitivity of the apparatus, the size of the flaws could not 
be estimated reliably. It has been suggested that they 
were nonmetallic inclusions. 


Conclusion 


The examples quoted show that developments in super- 
sonic technique have now made available to the investi- 
gator an additional source of information, but conditions 
peculiar to large masses can arise which considerably in- 
fluence the results obtained. With large steel parts, it is 
well known that there’is an almost proportionate increase 
in heterogeneity with size, and the high degree of sensi- 
tivity shown by the supersonic instrument can result— 
unless such features are taken into consideration—in an 
erroneous interpretation of unavoidable trivial irregulan- 
ties, the presence of which is in no way detrimental to the 
service of the article in question. 

The determination of the type or nature of an internal 
defect, as distinct from its location, is still a matter for 
further research. Much information is being obtained, 
however, from a correct interpretation of the pattern 0! 
the resulting trace. The form and permanency of th 
signal itself, the behavior of the bottom echo, and the area 
of specimen over which the signal is obtained, are some 0! 
the features of assistance in this direction. 

At the present stage of development, it can be said that 
in the supersonic flaw detector there are possibilities no! 
previously available for the determination of interna! 
imperfections in large masses; but a full investigation 0! 


Fig. 26—Lamination in 0.33-In. Steel Plate, Detected by Supersonic Testing (White Line) and Confirmed by 
Magnetic Etching (Black Line) 
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its potentialities, as yet incomplete, would seem to be 
necessary before the instrument could be considered as a 


standard tool of inspection. 


B—TESTING OF BILLETS AND BARS 


(Contributed by W. R. Yates) 


The supersonic method lends itself especially to the 
testing of rolled and forged material. Hair-line cracks, 
which are an occasional type of defect occurring in this 
class of product, are readily detected by supersonic ex- 
amination. As a routine test for billets and bars, this 
method is more positive for determining freedom from 
this defect than sectioning followed by magnetic etching. 
In this test a known volume of the steel is examined, 
whereas the method of sectioning followed by magnetic 
etching shows only one plane which may not be repre- 
sentative of the whole length of the mass in question. 

The material may be tested by selecting various bars 
representative of the cast and preparing surfaces on the 
portion to be examined by grinding or machining or, al- 
ternatively, specimens cut from the bars may be prepared 
and examined by the apparatus in the laboratory. 

In this class of forged or rolled material it is desirable to 
obtain some idea of the nature, magnitude and orienta- 
tion of flaws indicated by reflection of the supersonic 
wave. 


Accuracy of Location 


An example occurred in a 6'/2-in. square billet, where a 
single hair-line crack was located, and upon sawing at the 
position of the flaw a crack was seen in one face only; the 
calculated position was within '/, in. of the actual posi- 


tion. The length of the hair-line crack was found to be '/, 
inl. 


Magnitude of Flaws 


The minimum size of flaw detectable will depend upon 
the surface area capable of reflecting the supersonic wave. 
An example of a small single flaw in a specimen of aus- 
tenitie steel is shown in Fig. 24, which is a macrophoto- 


Major 
unseundness 


Moderate 


unsoundaess 


as 


Fig. 27— Quarter-Section of a 10! /:-In. Slab, on Which Is Imposed the General Nature of Supersonic Results 
When Tested from the Surface Before Sectioning 
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graph at a magnification of 10 diameters. 
crack, '/4 in. in length, was found at a depth of 1'/, in. 
from the surface of examination. Clusters of inclusions or 
segregates, while probably of smaller individual area, 


have been detected owing to the total surface area be- 
coming appreciable. 


This small 


Orientation 


Where the specimen is of circular section, the probes 
may be rotated until the position of maximum reflection 
occurs, indicating the position where the greatest surface 
area is reflecting the supersonic wave to the receiver. In 
material of rectangular section, the examination is limited 
to two directions at right angles, and hence the orienta- 
tion of an internal crack can be determined only approxi- 
mately. 


Nature of Defect 


In rolled and forged material, the following types of 
defects have been observed: (a) hair-line cracks, (b) in- 
ternal cracks, (c) segregates and (d) piping. Where it is 
possible for two or more of these types of defects to be 
present in the specimen under examination, it is desirable 
for the observer to be able to distinguish between the dif- 
ferent types of flaws. Internal cracks (a) and (b) can 
usually be distinguished from segregates and piping (c) 
and (d), by the scattering along the length of the bar or 
billet and by the position of the defect or defects in the 
section. If the specimen is of circular section, rotation of 
the specimen is usually sufficient to distinguish between 
cracks and segregation, the echo vanishing when the 
supersonic wave travels along the plane of the crack. In 
general, as experience is gained with different types of de- 
fects and the flaws are subsequently examined by other 
methods, the diagnosis becomes more reliable. 

Hair-Line Cracks 

A typical photograph of hair-line cracks in a 6-in. sq. 
billet after fracture is shown in Fig. 21. These cracks 
have an appreciable surface area and can be readily de- 
tected by the supersonic flaw detector when examined 
from a surface parallel to the plane of the crack. These 
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‘Hig. 28—Cracks in 4'/,-In. Plate Caused by Flame Cutting; 
Detected by Supersonics and Later Rendered Visible by Light 
Grinding of the Side Surface 


cracks, however, are of small width, and cannot be de- 
tected from a direction in or near the plane of the crack, 
the intensity of the echo diminishing as the angle between 
the planes of the crack and the surface of examination in- 
creases. If the examinations are made from two direc- 
tions at right angles, any crack present will almost cer- 
tainly be detected. 

Investigations into the problem of hair-line cracks have 
been assisted by the supersonic flaw detector, and it has 
been found that continuous examination of a test- speci- 
men which had been air-cooled after rolling enabled the 
incubation period, i.e., the period between rolling and 
the appearance of the first flaw, to be determined ac- 
curately. Diagrams drawn during subsequent examina- 
tion show the order in which the flaws continued to de- 
velop. An example of this is given in Fig. 36, which shows 
the positions of flaws detected by examination from two 
adjacent surfaces. Development over a prolonged period 
does not appear to follow any order, but provides in- 
formation suggesting the steady development for 50 hr. 
after an incubation period of 20 hr. 

An instance has occurred where the supersonic test re- 
vealed hair-line cracks in a forged disk which had pre- 
viously been reported sound after magnetic etching. A 
slice was cut from the disk parallel to the plane of the 
cracks resulting from forging. Polishing before etching 
removed the cracks, and hence the magnetic-etch test 
failed. Supersonic examination from the etched face re- 
vealed the cracks clearly since they were in a plane parallel 
to the surface from which the examination was made. 


Internal Cracks 


In the further processing of forged bars of an austenitic- 
type steel, certain failures were observed; bars were 
therefore examined by the supersonic method and certain 
reflections were observed at several positions. After 
slicing along the diameter and etching, internal cracks 
were seen at the position indicated by the echoes, a photo- 
graph of which is shown in Fig. 22. Although the per- 
centage of this class of material which was found to be 
defective was small, the removal of the defective portions 
enable further processing of it to be avoided. 


Cracks Due to Cooling Stresses 


A 3-in. sq. billet of 4'/,% nickel-chromium steel, air 
cooled from the rolling temperature, contained a major 
crack stretching from a surface nearly across the full 
width of the billet. A pronounced echo to the left of the 
bottom echo was obtained when testing was carried out 
across the crack. No reflection from it was obtained when 
testing was carried out along the crack. 


Segregates 
Eight-inch diameter forged bars of a high-alloy steel 
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were known to contain segregation over a certain portion 
of theirlength. It was found that an accurate estimate of 
the length of discard necessary could be made by super- 
sonic examination. Since the echoes from the segregated 
areas were of great amplitude, the examination could be 
made rapidly. 
Piping 

A sample of high-alloy steel bar containing pipe gave a 
strong reflection midway along the trace, as shown in Fig. 
20 (c). A similar bar, which was of the same size and com- 
position, but unpiped, gave a clear trace before the bot- 


tom echo. The photographs of the traces indicate the 
magnitude of the reflected wave from the pipe. 


C—TESTING OF SLABS AND PLATES 


(Contributed by W. C. Heselwood) 


Much of the supersonic testing of slabs and plates is 
essentially similar to that already described for other 
shapes, particularly that of billets and bars, since a slab or 
plate might be considered as a rectangular billet or bar 
having one small and two large dimensions. Such appli 
cations will not be described again here, except in so far as 
reference may be made to specific examples of particular 
interest. 


Hair-Line Cracks 


(1) General.—The examination of slabs and reasonably 
thick plates (greater than about */, in.) for hair-line 
cracks is quite practicable by the method already de- 
scribed for billets and bars. The hair-line cracks, if 
present, lie in planes parallel to the plane of rolling, and 
in this case, the lesser practicability of testing in tw 
directions at right angles is therefore not of importance 
The tests are carried out in the usual manner, working 
with both probes (with or without wedges according to 
the thickness) on the same surface. 

(41) Hair-Line Cracks Present, but Not Detected by the 
Supersonic Method.—It is important to record an it 
teresting example of the apparent failure of the super- 
sonic method; the term ‘‘apparent failure’ is equally im 
portant, for there was a perfectly good reason for th 
negative result, which in turn emphasizes the undesira 
bility of supersonic testing being indiscriminately e™- 
ployed by untrained personnel. 

The subject was a 2'/2-in. diameter alloy-steel plate, 1 
which minute hair-line cracks were revealed by the mag- 
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Fig. 29—Supersonic Test on Pulley Casting 
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which showed nothing, other than the bottom echo, when 
tested by supersonics. 

The reason was that the diameter of the cracks was con- 
siderably smaller than the wave length of the supersonic 
beam employed. Further reference to this point is made 
in Section 2 of this paper. 


Laminations in Plate 


A particular trouble associated with steel plate is the 
presence of lamination, due, for example, to the rolling- 
out of pipe incompletely removed from the original ingot. 
A portion of the plate contains a plane of separation lying 
parallel to the plane of rolling and usually occurring 
approximately midway across the thickness. This is a 
major defect, and in the thicker sections (about */,in., up- 
ward) a plate can be explored from one surface by normal 
methods. 

For thin plate, a more certain method is to carry out 
the test by transmission, i,e., by holding the transmitting 
and receiving probes opposite each other on each side of 
the plate. If the plate is sound, a strong signal is received, 
but if laminated, the signal is considerably reduced in in- 
tensity and usually completely eliminated. The result of 
a particular test on a piece of 0.33-in. plate is shown in 
Fig. 26. This plate was explored by the supersonic 
method, and the laminated area so determined was out- 
lined with white paint and photographed. The plate was 
then sectioned into strips and the limits of the lamination 
letermined by magnetic etching; these results are super- 
imposed on the photograph (Fig. 26). The actual ex- 
perrmental points are shown encircled, and the agreement 
is seen to be quite good; the differences are within the 
limits to be expected with the size of exploring probes 
used. 

It is not difficult to construct special tongs to hold the 
probes correctly on either side of the plate. Also, it is 
lortunate that the as-rolled surface of steel plate is nor- 
mally good enough not to require any special preparation. 


Composite Plate 


In composite plates consisting of two materials (e.g., 


— 


Fig. 30 Section of Pulley Casting, Showing Porosity 
1947 


netic etching of a cross section (Fig. 25, actual size) but 
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Fig. 31—Butt Weld on 3-In. Low-Alloy Steel Plate, Showing 
Entrapped Slag 


mild steel and stainless steel) welded together, there may 

be areas over which adhesion is poor. The problem of 

detecting such areas is essentially the same as that of de- 

tecting lamination, and the same methods may be used. 


Examination of Thick Rolled Slab 


A 10°/s-in. thick slab had shown extensive axial cavities 
after removal of the ‘‘top’’ discard, and supersonic testing 
was resorted to in the determination of the extent of 
penetration of this unsoundness, with a view to utilizing 
the sound portion of the slab. 

The entire surface of the slab was supersonically tested 
after machining. Over the top central portion, where no 
bottom echo could be obtained, major defects were pre- 
sumed; over a considerable extent of the remaining sur- 
face there was evidence of numerous small discontinuities, 
while toward the extreme bottom end, only traces of dis- 
continuities were indicated. 

A quarter longitudinal section of this slab gave good 
confirmation of the supersonic estimate, as shown in Fig. 
27, in which an indication of the supersonic results is 
shown superimposed on a photograph of the section. The 
discontinuities found in the area of lesser unsoundness are 
on the whole of a small order, and those associated with 
the primary segregation there are merely incidental, their 
presence in a mass of this nature being virtually unavoid- 
able. 

The area of slight responsiveness at the ‘“‘bottom’’ end 
showed no discontinuities on half-sectioning, but, quite 
possibly, irregularities of an extremely small order may 
have been present elsewhere, through the thickness of the 
slab at this position. 

Here is an instance, therefore, where negligible irregu- 
larities in a large mass are clearly recorded supersonically 
as a result of the use of an instrument having a high de- 
gree of sensitivity; the need for discriminate interpreta- 
tion of the results obtained, with consideration of the 
nature of the specimen, is once again emphasized. 
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Fig. 32—Section 

Through Weld 

Shown in Fig. 15, 
Showing Crack 


Detection of Cracks Caused by Flame Cutting 


This is an example of a general nature: when examin- 
ing a 4'/,-in. alloy steel plate which had been flame cut, 
strong reflections revealed the presence of a crack that 
had been produced by the stresses set up during flame 
cutting. The crack was made visible on lightly grinding 
the side surface (Fig. 28). 


D—TESTING oF CASTINGS 


(Contributed by G. T. Harris) 


The supersonic flaw detector has been applied to the 
examination of a variety of castings, and some of the ob- 
servations made are recorded below. In general, it has 
been found that the flaw detector has been of use in the 
examination of castings for areas of porosity and internal 
cavities, provided that these areas are of appreciable size. 
In certain cases, particularly on ingots, results have been 
negative, apparently owing to the general looseness of the 
structure. 

Examination of cast armor plate has been found to 
yield information on the location éf areas of porosity. 
After preparing the surface of a 20-mm. thick cast plate 
on a shaping machine, a defective area was revealed, at 
approximately half depth, which could be traced satisfac- 
torily, and subsequently confirmed by an X-ray radio- 
graph. Examination of a cast-steel tank turret, with an 
average thickness of the order of 5 in., enabled the posi- 
tion of certain shrinkage cavities, due to inequality in sec- 
tion, to be mapped out. Preliminary examination carried 
out from the machined top surface gave the approximate 
position of the defects, which were subsequently located 
more precisely by examination from the surface of the 
casting. In this case the surface was not specially pre- 
pared, contact being established by means of plasticine, 
and using the technique described in Part IV. Although 
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Fig. 33—Butt Weld on 2-In. Low-Alloy _— Plate, Showing Vertical Crack in First 
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the areas were located, they were considered to be of the 
order of only '/, in. in diameter, and subsequent firing 
trials showed no detectable difference in the ballistic 
properties. It was evident, however, that the method 
would be of great use in the examination of such castings 
for location of shrinkage cavities. 

In certain cases it has been found that owing to the 
generally more open structure of castings, better results 
can be obtained using a lower frequency of supersonic 
wave in order to reduce the general scattering. For in- 
stance, examination of a casting varying in thickness from 
11/2 to 3 in., using the bare quartz on flat smooth sur- 
faces demonstrated that, with the 2'/2.-megacycle filter, 
no clear bottom echo could be obtained at certain parts of 
the casting, but that this difficulty could be overcome by 
the use of a 0.8-megacycle tuned circuit in the trans- 
mitter. Variable results have also been obtained on the 
estimation of the chill depth of chilled cast-iron rolls. 
Preliminary results were promising, but a further exami- 
nation of the problem showed that in its present form the 
supersonic method could not be considered reliable, 
probably owing to the “‘looseness”’ of the cast structure 
In this case again, it is possible that further progress 
might be possible by the use of supersonic waves of lower 
frequency and correspondingly longer ‘wave length. 
Similar difficulties have been observed in the examination 
of large ingots in which it has normally been found im- 
possible to obtain any definite indication of an echo either 
from the bottom or from internal free surfaces. This 
applies even when a corner is planed at 45° in order to 
project the supersonic beam along the primary dendrites, 
and it is evidently due to complete internal scattering vo 
the beam. 

Successful results have been obtained with the method 
in the examination of cast-iron castings, provided that 
the casting has a sufficiently large flat surface on which 
the probes can be used, and that the metal thickness 1s 
greater than about '/,in. In such cases, the method has 
proved of considerable value, and little hindrance has 
been found from the presence of the usual graphite flakes 
in cast iron. In a particular case where it was thought 
that reflections were being obtained from the graphite, 
microsection indicated the presence of scattered porosit) 
which was presumably the cause of the observed echoes 


Fig. 34—Butt Weld 
in 3In. Low-Alloy 
Steel Plate, Using 
Stainless-Steel Elec- 
trodes, Showing In- 
terfacial Defect 
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Fig. 35—Single Magnetic Probe Holder 


A typical example of a successful application of the 
nethod to cast iron is illustrated in Figs. 29 and 36. Fig- 
ure 29 shows a pencil tracing taken from the screen during 
xamination of a pulley casting of approximately 3 in. 
hickness. The material was found to be largely sound, 
but a particular part gave strong indications ofa fault at 
n estimated depth of 1'/, in.; this was confirmed by 
ubsequent sectioning, as shown in Fig. 30. This 
:pplication has proved of some interest, as examination 
{ such components was previously impossible, and de- 
fects near the bore were discovered only on final machin- 
ing. 


E—Tue TESTING OF WELDS 


(Contributed by J. Glen) 


The chief defects which may: arise in welded steel 
tructures are slag entrapment or blowholes in the weld 
metal, and cracking either in the weld or in the thermally 
listurbed zone of the parent plate. 

At present, the principal method of nondestructive 
esting of welds is radiography, but this method requires 


that the defect extend through several per cent at least 
of the plate thickness; also, as the plate thickness 


increases, very powerful equipment is necessary to reveal 
defects. 


Material and Apparatus 


The material consisted of steel plate of 1-3 in. in thick- 
ness, which had been butt welded by the electric-arc 
process. It ranged from mild steel to low-alloy steel, 
so that the hardness at the weld junction varied up to 
a maximum sufficient to cause cracking. The welds 
were made with both ferritic- and stainless-steel elec- 
trodes. 

The apparatus used was the Mark I. Supersonic Flaw 
Detector, fitted with a 1'/,- or 2'/>-megacycle filter. 
This apparatus is not nearly as sensitive as subsequent 
models of the same type. 

. To simplify the description of the results obtained, 
the data have been grouped under the type of defects, 
as follows: 


Welds Free from Defects 


(a) No Preparation of Surfaces—Using the 30° 
angle probes and keeping the distance between the 
wedges fixed so as to give the maximum bottom echo for 
the particular thickness of plate, attempts were made to 
retain the bottom echo as the probes were moved across 
or along the weld. Even with the liberal use of amal- 
gam, or plasticine impregnated with oil, it was impossible 
to obtain any echo at all with the probes in contact with 
the weld-metal surface. 

One other method was possible, namely, by applying 
the probes to the gas-cut edges of the parent plates, so 
that the supersonic beam traveled parallel to the plate 
surfaces, as shown in Fig. 37. In every case good echoes 


Depth, in.| Time, hr. Plon view |. Depth, in.\ Time, br. 
2:/ 52 2:/ 52 
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24 46— 19 46 
1-6 23 46 
Depth,in. 1:6 18 
Transverse view! Time, hr. 76 
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Fig. 36—Development of Hair-Line Cracks with Lapse of Time 
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were received from the opposite edge of the welded plate. 
The maximum size of plate tested was 2 ft. 6 in. square. 
It was thus established that the varying hardness and 
microstructure of the thermally disturbed zone, and 
also the composition of the weld metal, did not produce 
severe damping or reflection of the supersonic beam. 

(b) Weld Metal Roughly Buffed Flush with Plate.—— 
No great care was taken to achieve dead flat surfaces. 
Owing to the undulating nature of the buffed surfaces, 
it was found necessary to use amalgam, or plasticine 
impregnated with oil, with the 30° angle probes. The 
plate was then scanned by the usual method, as shown 
in Fig. 38. 

An echo received before the bottom echo indicates 
a defect parallel to the plate surface, while a diminution 
of the bottom echo indicates a defect perpendicular to 
the plate surface. Owing to the hills and hollows made 


by the buffing, and also, in some cases, to the fact that. 


the plates after welding were not dead flat, it was found 
that the amplitude of the bottom echo varied greatly, 
as if there were a vertical defect. On varying the dis- 
tance between the probes, it sometimes appeared that 
there was total reflection from a horizontal defect in 
the weld. In effect, any result can be obtained, either 
through bad contact between probes and metal, and/or 
through slight tilting and slewing of the probes so that 
they are no longer parallel. 

(c) Weld Area and Adjacent Plate Surface Machined 
or Buffed Dead Flat.—With proper preparation of the 
surface, no difficulty was found in obtaining a consistent 
bottom echo, thus demonstrating that the welds were 
free from major defects. 

For the experiments given in the following description 
of the detection of defects, a sufficient area of the plate 
was machined flat to ensure reliable results. 


Slag Entrapment 


Two typical examples of slag entrapment in welds 
were obtained: 

(a) One-inch thick mild-steel plate, hand welded, 
using a single-V-edge preparation. There was excessive 
slag entrapment about the center of the weld. 

(6) Three-inch thick low-alloy steel plate, hand 
welded, using a double-V-edge preparation, and stainless- 
steel electrodes. A section through the defective area 
is shown in Fig. 31. 

Since the defects were essentially parallel to the plate 
surface, they were readily detected as an echo received 
before the bottom echo, as in Fig. 38 (a). Had they 
been essentially perpendicular to the plate, they would 
have been revealed only by a diminution of the bottom 
echo, as shown by Fig. 38 (0). 


Cracking 


Typical examples were as follows: 

(a) One, and one-half-inch thick mild-steel plate, 
welded by the electtic-arc process, using a single-V-edge 
preparation. The weld was 2 ft. long, and was found to 
be cracked for a distance of about 6 in. from each end. 
A positive print from a radiograph of part of the weld 


omg Defect Bottom Fig. 38—Method of 
. (a) echo. Using 30° Wedges 
for Detecting (a) 
Horizontal and (b) 
Vertical Defects 


4 A 
/nitjol Bottom 
pulse. (b) echo. 


length is shown in Fig. 23, and a section through the 
weld showing the crack, in Fig. 32. 

(6) Two-inch thick low-alloy steel plate, welded by 
the electric-are process, using a single-V-edge prepara- 
tion. Five runs were used to fill the V. In one area 
of the plate, a small vertical crack, '/, in. deep x 1 in 
long, was found in the first run of weld metal, as indicated 
in Fig. 33. 

(c) Three-inch thick low-alloy steel plate, welded 
by using a double-V-edge preparation and _ stainless- 
steel electrodes. A large crack was found at the weld 
junction of one side of the V, as shown in Fig. 34. This 
crack did not quite extend to the surface of the plate. 
The cracks in the weld were all essentially perpendicular 
to the plate surface, and thus, by the method shown 11 
Fig. 38 (b), the defects were revealed only by a diminu- 
tion of the bottom echo. By this method the crack i 
the weld shown in Fig. 33 was too small to be detected 
by the Mark I. equipment. Confirmation of the presence 
of the cracks was obtained by the method shown 1 
Fig. 37, the weld seam being normal to the supersonic 
beam. In this case, a reflection was obtained, evel 
from the small crack present in the weld shown 
Fig. 33. 


Conclusions 


With the Mark I. equipment it appears that the 
varying hardness and microstructure of the thermally 
disturbed zone of the parent plate, and also the structure 
and analysis of the weld metal, do not cause any app! 
ciable damping or reflection of the supersonic beam. 


The first essential in the satisfactory testing 0! welded 


plates is to ensure that the surfaces of the weld and 


adjacent parent plate are finished dead flat. With = 
proviso, defects horizontal to the weld surlacc rer 
detected in the usual way by an echo rece'\' d_ bet 


the bottom echo. Vertical defects are reve led 2» Be 
diminution of the bottom echo. They are «)« rd 
revealed in the usual way by testing from the plat 
edges. This method, however, is not always poss ” 
Considerably more work is necessary, the 
Fig. 37—Method of wp-to-date equipment, to establish fully ‘ue ie 

Cut Bdge conclusions and to determine the actual size the 
fects. of testing 
A great advantage of the supersonic meth 0! ere 

Probes Probes is that very thick welds are well within its s°/% 

Y 
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should thus be possible to reveal flaws which the radio- 
graphic method might not detect. 


Part IV—The Technique of Surface Transmission 


(Compiled by W. R. Yates) 


As a result of close collaboration between the investi- 
gators, considerable improvements in technique .have 
been developed. The effects of these improvements are 
reflected in an increase in the range of articles which 
can be examined with this instrument. 

In order to obtain transmission of the supersonic wave 
from the quartz crystal to the steel, it is necessary to 
ensure good contact between the crystal and the steel. 
In the course of the application of the supersonic flaw 
detector to steelworks problems it was found that trans- 
mission through an oil layer on rough surfaces similar to 
those encountered with rolled material was unsatis- 
factory for the detection of defects, and presented a 
serious problem to the users. It may occasionally be 
impracticable to smooth machine all the material that 
has to be tested and, therefore, the devising of alternative 
techniques Was necessary. 


Preparation of Surfaces 


For the routine examination of specimens obtained 
from billets, the practice of machining the surface is the 
most satisfactory as the surface produced enables a 
rapid examination to be made. Where the material 
is of square section two adjacent surfaces are prepared 
in order to be sure that flaws which lie in a plane per- 
pendicular to the surface of examination can be located; 
a reliable estimation of the size and character of the 
flaws can then be made. 


Surface Grinding 


Where it is inconvenient to machine a billet of large 
section, the hand grinder provides a quick method of 
preparing suitable test areas. At first, such tests were 
made with an ordinary hand grinder having a periphery- 
type wheel, and it was found that after a little practice 
a test area could be prepared which would give usable 
results, and which could be further improved by the use 
lasander. Later, a cup-shaped, hard, resinoid-bonded 


= proved much superior for obtaining a good flat 
est area. 


The Use of Plastics 


Numerous articles with curved surfaces require 
‘Xamimation after machining. An adapter which can 
%€ manufactured rapidly and which will conform to the 
‘urvature of the surface, can be made from a transparent 
Plastic, such as Perspex. Adapters made from this 
areal may be molded by pressure at 135° C. A 
Sq. x '/4in, thick, is pressed on to the surface 
on oo using a metal form to produce a cavity 
the probes. The pressure may be ap- 
st’ by @ hydraulie press, e.g., the crosshead of a tensile 
Machine is sufficient, or, if the article to be examined 


ae thgn 1 cwt., the weight of the article is 
plastic as produce the necessary curvature of the 
technique on 14 (a) shows the application of this 
mae 2 ince each adapter will cover a range of 
to be + sae ries covering all ranges of curvature likely 
common my = can be made for permanent use. In 
reduces technique, this method 
fying the ex... gnitude of the transverse wave, so simpli- 


‘mination of large sections. 
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The Use of Plasticine 


A recent innovation is the use of plasticine. This 
technique is of particular value for rough surfaces, even 
when they are not horizontal, and it is also suitable for 
the rapid examination of rough surfaces where the area 
to be examined is relatively small. The probes are 
covered with a layer of plasticine about '/, mm. thick, 
and are then pressed firmly on the surface to be examined. 
The probe is removed from the surface when it has to 


be moved to a new position, as sliding tends to strip the 
plasticine. 


The Use of Amalgams 


Instances occur when the specimen to be examined 
has a rough surface which may not be machined. A 
technique which enables articles with rough surfaces 
to be examined without preparation involves the use of 
amalgams. The most effective elements for this work 
are tin and cadmium, and the amalgams may be prepared 
with either or both of these elements. A suitable amal- 
gam can be prepared by shaking cadmium and tin filings 
in the proportion of 6% of cadmium and 3% of tin, ‘with 
mercury in a hot 10% solution of ammonium hydroxide. 
When complete amalgamation has taken place, the alloy 
is chilled and dried, and will be of a pasty consistency at 
16° C. If the operating temperature is higher, it is 
advisable to add more tin and cadmium in order to 
retain the correct consistency. The amalgam should be 
used on a clean, dry surface to minimize contamination, 
and considerable pressure should be applied to fill 
cavities occurring in the surface. This method of exami- 
nation is relatively slow compared with oil, but has the 
advantage that the transverse waves may be eliminated 
from the trace if the amalgam under the two probes is 
not allowed to join. The relative transmission of the 
supersonic wave through the mercury-steel interface is 
slightly less than when using oil on a smoothly machined 
surface, but on a rough cast or a rolled surface, the results 
obtained with mercury amalgams as the medium of 
transmission are superior to those obtained with oil. 


The Use of Magnetic Clamps for the Probes 


When using the supersonic method for detecting 
flaws in steel, the transmitting and receiving probes 
have to be held firmly in position, either directly on the 
steel surface for normal transmission or, together with 
the use of steel wedges, for transmission at an angle 
inclined to the normal. 

The ordinary method has been to hold the probes in 
position by hand, but this is sometimes awkward, and 
in any case there are advantages in having the hands 
entirely free for other purposes. It was thought that 
when testing ferrous materials (other than austenitic), 
magnetic clamps might be useful, and this note describes 
what has been done in preliminary tests. These tests 
have established the principle using some chromium 
magnet steel which was immediately available, and par- 
ticular designs could now be improved by the use of 
magnet steel possessing more powerful properties. ‘ 

(t) Clamp for Normal Incidence of the Supersontc 
Beam.—The magnet can be of the horse-shoe type 
bridging the probe and with a hole in the center to ac- 
commodate the flexible lead thereto. The magnet clings 
to the surface of the specimen under test, and a light 
spring between magnet and probe supplies the necessary 
pressure to hold the probe firmly against the surface. 
The principle is illustrated in Fig. 39; the unit shown 
was more conveniently built up, with materials available, 
as a composite magnet of magnet steel and mild steel, 
instead of using magnet steel throughout. 

Using a more powerful magnet material of the iron- 
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Fig. 39—Magnetic Clamp for Supersonic Probe 


nickel-aluminum-cobalt type, a small neat, and strong 
magnet clamp could be made. 

(1) Clamp for Inclined Incidence of the Supersonic 
Beam.—Two methods have been considered: 

(a) The use of a clamp operating as described above, 
but in this case pressing the wedge unit against the 
surface, and (b) making the wedges of magnet steel so 
that they themselves cling to the surface. Considered 
as magnets only, these wedge shapes constitute an 
inefficient design, but a sufficiently strong attractive 
force has been obtained for the present purpose. 

A second type, in which the probes are held in a single 
headpiece, and hence, at a fixed distance apart, is shown 
in Fig. 35. The clamp is made of magnetized blocks 
and the probes are pressed by springs on to the surface 
of the steel. The method is particularly applicable for 
the examination of large depths of material. The use 
of a holder simplifies photography of the trace, enabling 
the operator to have both hands free, and eliminates 
variation in pressure during the exposure. 


The Probes 


Increased amplitude is achieved by the use of the 
quartz crystals applied directly to the specimen, elimi- 
nating loss through the oil film and the copper disk. 
It was found that the copper disks originally used with 
the instrument were damaged by rough surfaces, causing 
reduction in transmission of the supersonic wave. Steel 
disks are now commonly used, and may be made satis- 
factorily up to */s in. in thickness. 

Where contact between the quartz disk and the steel 
is not uniform, anomalous results may be obtained. An 
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instance occurred where a roughly machined surfag 
caused echoes to be distributed along the trace. Thy 
echoes were no longer present when the surface had been 
made smoother, and it is presumed that the echoes mys 
have been due to the transverse waves traveling along 
the surface. 


Part V—Desired Features of the Apparatus 


The following observations constitute a consensus of 
the views of the observers (who have applied the super. 
sonic method to steelworks problems) on the desired 
features of the apparatus. The suggestions are intended 
to indicate the limitations of the present equipment 
rather than to assess its merits, which must be apparent 
from the preceding sections. They are not intended as 
final recommendations, for the scope of this method of 
testing has not yet been fully explored, but rather as the 
result of observations from the work which has already 
been carried out with the Mark I. apparatus. The re- 
marks may be considered separately as applying to (a 
the mechanical, and (b) the electrical features of the 
apparatus. 


(a) Mechanical 


Portability —In order that the instrument may have 
the widest possible use in the works as a tool for making 
a rapid internal survey of large masses, it is essential 
that the set be portable. The original apparatus was 
housed in two cases with a total weight of approximately 
160 Ib. This weight has been considerably reduced in 
subsequent models. 

Compactness.—The size of the instrument is of in- 
portance in so far as bulkiness reduces portability. 
However, any reduction in size and weight which 1 
volves reducing the size of the cathode-ray tube leads 
to increased eye strain on the observer, particularly for 
semidistant viewing. 

Sturdy Construction.—The construction of the equip- 
ment should be sufficiently robust to withstand the 
conditions likely to be encountered during transportatwi 
through the works. The danger of rough handling may 
be reduced by mounting on rubber cushions the trays 
carrying components of a fragile and delicate nature. 

Waterproof Probes and Leads.—The probe leads at 
damaged when drawn across sharp metal edges, and they 
absorb oil or water from the surroundings, wluc! * 
difficult to remove without stripping the insulators, a0 
this is a tedious process: The leads and heads o! 
probe should therefore be armored, and proo! agai™ 
penetration, especially by water which, in the prese™ 
design of probes, is liable to result in electrical short" 
and reduction of signal strength. — 

Calibration of Depth.—A scale on the tube, calibratet 
to read the depth directly for each setting of the t™ 
base, is desirable. As the characteristics of th: electrical 
components of each set vary, and the time base 0" 
certain ranges is nonlinear, separate calibration 'or\™ 
set is necessary. 4 

Camera.—It has sometimes been advantageo” 
take photographs of the trace during examination ’ 
provide a permanent record of results. | 
system, which involves setting a camera ‘vr @ a 
exposure in a relatively dark room, is pot rig Se 
venient. The proposal has been made by ‘' inves 
gators of having a camera which can easily be attat hg 
to the tube unit, and from which several plotograp 
could be taken in sequence. 


(b) Electrical 
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Variable Sensitivity.—It is frequently difficult ‘ 
mate the size of the flaw detected. To ovr 
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an additional feature which would make possible the use 
of a known and variable sensitivity, would be of the 
utmost value. The sensitivity is, in some measure, 
determined by the frequency, and a variable frequency 
within certain limits may help in determining the size 
of the flaw,located. ' 

Sensitivity on Rough Surfaces—The sensitivity on 
rough surfaces has been improved by the use of amalgams 
and filters, but further improvements are required before 
these methods can be considered satisfactory for prac- 
tical purposes. 

Testing to Great Depths —In testing to great depths, 
the wave form of the echoes becomes very short and 
sharp, so that the trace gives reduced information about 
the nature of the flaw. Under such conditions the 
echo has to be examined under greater resolution, as in 
smaller specimens. 

Dead Zone.—Owing to the inability, with the present 
probes, to receive reflections of the wave from discon- 
tinuities at less than !/2 in. from the surface, there is in 
effect a dead zone in which flaws cannot be located. A 
reduction in the depth of this zone to, say, '/1. in., would 
be desirable to enable flaws immediately below the sur- 
face to be located. 

Single Transceiver.—A single transceiver, in which the 
same quartz crystal is used for both transmission and 
reception of the supersonic wave, might provide the 
solution of the dead-zone problem, and be of additional 
sistance in other problems. 

Scanning Mechanism.—A further long-time require- 
ment would involve the use of some scanning mechanism, 
as employed in radiolocation, to eliminate the necessity 
if searching for defects by traversing the detector. This 
may or may not involve the use of a single transceiver, 
which is in itself a desirable feature, although there are 
certain occasions where it would be preferable to use 
separate transmitters and receivers. 


Part VI—The Function of Supersonic Testing 


_ Itis apparent from this review that supersonic testing 
las so far been found capable of revealing the presence 


of those discontinuities in steel which are able to reflect 
the supersonic wave. It constitutes a new field of non- 
destructive investigation of the properties of the products 
of steel manufacture, but considerable work remains 
yet to be done in the correlation of the effects found and 
the behavior of the article in service. Accordingly, it 
should not yet be regarded as a comprehensive method 
for the acceptance or rejection of all material. 

If the results of any pertinent system of testing are 
properly interpreted, they can be made a valuable aid 
to the steelmaker in controlling the quality of his product. 
If they are used indiscriminately or even prematurely 
they can be abused and misinterpreted. It is frequently 
a most difficult matter to draw any line of demarcation 
between occasions when the indications of a test are of 
significance in the use to which the material is ultimately 
to be put, and when they are not. It may be a relatively 
simple matter to discriminate between extremes, but in 
the broad borderline between the two, interpretation 
becomes a matter for expert handling. 

Furthermore, in this new field, a considerable period 
of development may yet be necessary to establish the 
meaning of any particular set of observations. In this 
respect all new methods of testing have required a period 
of trial, and reliable interpretation has emerged only 
after considerable investigation and use. 

Supersonic testing is but one of the many metallurgical 
tests which need relating to service behavior before their 
significance can be established. Among these are 
magnetic crack detecting, radiography, fracture and 
deep-etching tests. Indeed, none of the more or less 
standard methods of examination which have been very 
thoroughly investigated and almost universally prac- 
ticed, should be used without due cognizance being taken 
of their limitations. 

Accordingly, supersonic examination should be re- 
garded primarily as a new instrument of investigation, 
capable of giving information about the internal charac- 
ter of masses of steel, which cannot at present be obtained 
by alternative means. It does not, of itself, distinguish 
the bearing which the observations may have on the 
suitability of a material for any specific purpose. 
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Nondestructive Measurement of 
Residual and Enforced Stresses 
by Means of X-ray Diffraction 


II—Some Applications to Aircraft 


By George Sachs,t Charles S. Smith,t Jack D. Lubahn,t Gordon E. Davis! and Lynn J. Ebert' 


Summary 


ESTS on the use of X-ray diffraction methods for 
determining surface stress distributions in notched 

tensile bars and in the vicinity of a welded joint in 
aircraft steel tubing are described. Data on the effects 
of stress and degree of notching on the principal stresses 
and stress-concentration factors for flat notched tensile- 
test specimens were obtained. For the greater part the 
results confirm previous analytical and photoelastic de- 
terminations of these quantities. It was found that X- 
ray techniques were of limited value for determining the 
direction and magnitude of residual stresses in weld- 
ments since the condition of the metal was such as to pre- 
vent an accurate determination of the lattice parameters. 


Introduction 


Among the problems interesting to the aircraft in- 
dustry which might be ‘subject to a commercial applica- 
tion of X-ray stress measurements are (a) the distribu- 
tion of stresses under load in structures of changing sec- 
tion, or ‘“‘notched”’ sections, and (b) the distribution of 
residual stresses in welded structures. While some 
investigations in these directions have been carried out 
previously, as discussed in reference 1, they are not 
sufficiently extensive to reveal the general applicability 
of the X-ray diffraction method to such problems. 


Consequently, of these two groups of problems, one 
special problem in each group was selected. The in- 
vestigation was particularly concerned with the re- 
liability and accuracy of the stress measurements and 
their general usefulness. 


This investigation, conducted at the Case School of 
Applied Science, was sponsored by and conducted with 
the financial assistance of the National Advisory Com- 
mittee for Aeronautics. 


* National Advisory Committee for Aeronautics, Nov. 1945; Technical 
Note No. 987. 


Tt Case School of Applied Science. 


X-RAY DETERMINATION OF STRESS DISTRIBUTION 
IN FLAT, NOTCHED TENSILE TEST BARS 


Previous History 


The X-ray diffraction method of stress determination 
would seem to possess some outstanding advantages, 
accompanied by some disadvantages, when applied to the 
study of stress distribution in structural members 
Structural parts frequently differ in section, shape and 
size, sometimes very suddenly, resulting im a ver) 
nonuniform stress distribution close to the section change 
or “notch.” { This stress state is characterized by stee} 
stress gradients and high localized stress peaks, of 
“stress concentrations.” 

For this reason, a study of notched flat bars subjected 
to tension was undertaken in order to study the merits 
and possibilities of the X-ray method as applied 
notched parts, particularly of metals used in aircrait. 

In relation to stress measurements in notched sections 
the X-ray method has the inherent advantages o! usilg 4 
small gage length, of providing a convenient method tot 
determining the complete stress state, and of providing 4 
method for the determination of stress not only in the 
elastic, but also in the plastic strain regions. Mechanical 
and photoelastic methods do not permit the determin 
tion of the stress in the plastic strain region. Phot” 
elastic measurements, however, enable the analysis 0! U 
stress distribution in the elastic stress state very “ 
curately. Such measurements and the results o! theo} 
retical investigations may serve as the basis for the eva’ 
ation of the X-ray method as applied to this pr fm I 

Numerous attempts have been made to determine © 
effects of notches, holes, and so forth, on the sir oe 
bution caused by elastic loading.? The discuss0? 
restricted to investigations of flat and circular bars, P! 


vided with a local reduction of the section by «" ara 
notch, and subjected to pure tension in tc Umi 

section. 

The maximum value of longitudinal 

peak”’ which is created by elastic straining o here 

flat bars of infinite width and provided wi’) ™ a al 

hyperbolic profile has been calculated 
This stress peak at the bottom is given by !\ “*! a 
ction chang 


t The term “notch” is used generally for any type of sud 
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STRESS CONCENTRATION FACTOR 
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Fig. S—Effect of Depth and Radius of 
Notch on Stress Concentration in a Flat 
Notched Bar (Derived from F. rocht) 


For round bars: Smx. = S Vd/r 
For flat bars: Sms. = 1.35 Vd/r 


where 


5 = average tension (load divided by the area of the 
notched section) 
’ = radius at the notch bottom (apex of hyperbola) 
= diameter or width of the unnotched section 


wy formulas, however, assume infinitely large bars 
ad, therefore, approximate only the conditions created 
Y very deep notches. 
Be ects of various factors, such as radius of notch, 
shotoe! epth, and so forth, have been followed up by 
investigations on flat bars of a transparent 
and W os as bakelite, by Coker and Filon‘, Frocht', 
~ and Beeuwkes.* The following three types 
ve been in vestigated : 
l, 


V-notches of constant depth, having various bot- 
tom radii (Figs. 1 and 2). 


— PERCEN 
Fig. 6—Effect of Depth and Radius of 
Notch on Stress Concentration in a Flat 


Notched Bar (Derived from Frocht) 
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STRESS— 
‘ N TRANSVERSE Fig. 3—Stress Distribution in a 
uO STRESS Notched Flat Bar Under Tension 
~——- $12 (Coker and Filon) 
z 
Fig. 1—Stress Distribution in a Fig. 2—Effect of Bottom Radius on Stress of BEEUWKES 
Notched Flat Bar Under Tension Concentration in a Flat Bar Having V > 3 x pReuss ~ 
(Coker and Filon) Notches as Shown in Fig. 1 woe j\ 
Yo @ COKER | 
FROCHT 
2r 2r < 2 
T Us : 
oO 4 4 = 
4 RATIO~ 2%y 
4 
3 Fig. 4—Effect of Notch Depth on Stress 
9 T ig. ect oO c Pp 
v2 “% 12, ! Concentration in a Flat Bar Having Semi- 
7 \ circular Notches as Shown in Fig. 3 
6 
\ 
\ radii (Figs. 3 and 4). 
3 r 3. Slot notches of various depths 
1 - = < and widths having a half-cir- 
= 2 cular bottom contour 7 (of 
14 various radii) (Figs. 5° and 
For the first two notch types, the 
1 2 3 4 5 distribution of the lateral stress has 
RaTio- bY 40 60 80 100 also been determined (Figs. 1 and 3). 
r AREA REMOVED BY NOTCH The last notch type should ap- 


proximate the practical condition in 
notched bar tensile tests where the 
notch is usually a V-notch with a con- 
stant bottom radius. The measure- 
ments of Frocht evaluated for a bar 
of given thickness (= 100%) provided with notches of 
given bottom radii and various depths are represented in 
Fig. 6. The stress concentration factor, that is, the ratio 
between the peak stress and the average longitudinal stress 
in the notched section, increases at first with increasing 
notch depth, then goes through a maximum and finally 
decreases again toward the value 1, representing uniform 
stress distribution for a notch which removes 100% of 
the cross-sectional area. The maximum value of the 
stress concentration factor occurs for a notch depth of 
somewhere between 20 and 50%, this depth being larger 
for sharper notches. 


Regarding the transverse stress, the photoelastic 
measurements indicate that a high, but localized, trans- 
verse stress is present in the same region as the high 
longitudinal stress peak for shallow notches (Fig. 1) 
while a more uniformly distributed transverse stress 
exists in a deeply notched section (Fig. 3). The trans- 
verse stress is always zero at the notch bottom, as re- 
quired by the theory of elasticity. 
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Fig. 7—Effect of Notch Depth on Stress Concentration in Round Notched Bars 
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Fig. 8—Elastic Longitudinal Stress Distribution for Various 7 
Notches of Different Depths 


Fig. 9—Mergence of Ka Doublet on Normalizing from 1700° F. 
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rays. 


Both investigators agree, according to Fig. 7, that, 
with a notch of a given bottom radius, the stress concen- 
tration increases at first with increasing notch depth 
however, the X-ray method, contrary to the rubber tests, 
shows a maximum stress concentration at a rather 


» (S885) 


| 
i} 


(a) 
Fig. 10—Diffraction Patterns of SAE X-4130 Steel, Stress Re- 


(b) 


lieved at (a) 1000°F., (b) 1250° F. and 
Normalizing from 1700° 


(c) 


A few elastic measurements on flat 
steel bars with a semicircular notch 
have been carried out by Preuss’ 
(Fig. 8) and by Coker and Filon: 
Their results are in good agreement 
with those derived from photoelastic 
measurements. 

Commercially, the two-dimensional 
stress state present in a flat bar is less 
important than the three-dimensional 
state present in a round bar or a more 
intricate structure. 
is available on this problem. 

Experiments regarding the stress 
distribution in round bars have been 
carried out by Berg* on rubber and by 
Kraechter® on steel bars by means of X- 
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Fig. 12—Tensile Specimen. 1, 2, 3, 4, Location of Spots 
Studied 


shallow notch and an increasingly uniform stress distri- 
bution with further increasing notch depth. These re- 
sults are in qualitative agreement with the photoelastic 
measurements on flat bars. 

Thus it appears possible to apply the information 
derived from the photoelastic investigations to a round 
bar in a semiquantitative manner. According to 
Neuber,* the stress peak in a round bar should be 30% 
higher than that in a flat bar having notches of the same 
profile on the flat sides. 


Material and Procedure 


Material and Preparation of the Specimens 


The steel used for the investigation was commercial 
SAE X-4130 steel. It was provided in a sheet 0.120 in. 
thick through the courtesy of the American Steel and 
Wire Co. 

The sheet was cut into strips of the approximate size 
desired, pickled down to 0.100 in. in thickness, cold 
rolled to 0.035 in., annealed at 1700° F. for 15 min. 
andaircooled. The cooling produced considerable warp- 
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Fig. 13—SAE X-4130 Steel Flat Tensile Test Specimens 
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ing; so the strips were given 3% strain on a tensile ma- 
chine to straighten them. 

After this heat treatment and straightening operation, 
the scale was pickled off and a diffraction pattern was 
made to determine whether or not the grain size was suit- 
able to produce sharp lines. It was found that the 
K, doublet was unresolved indicating that the heat 
treatment was too severe (Fig. 9). The strips were, 
therefore, stress relieved at various temperatures to de- 
termine the optimum grain condition for well-defined 


Fig. 15—Special Tensile-Testing Machine in Position to Make 
Oblique Diffraction Patterns of Duralumin Tensile Bar 


Fig. 16—Back Reflection Cassette and Pinhole System 
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Fig. 17—-Back-Reflection Camera with Pinhole System in Place 
and Rocking Mechanism 


(a) (b) (c) 


Fig. 19—Diffraction Patterns Showing (a) Too Little, (b) Proper 
Amount and (c) Too Much Silver 


Fig. 20—Typical Duralumin Diffraction Pattern 
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Fig. 21—Special Tensile Machine in Position for Making 


Longitudinal Strain Diffraction Patterns from SAE X-4130 Steel 
Tensile Bars 
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(a) (b) 
Fig. 24 


a) Side view of focusing sphere showing non-focusing conditions 
for oblique incidence. (b) Top view of section through minor 
jiameter of focusing sphere showing focusing conditions for oblique 
incidence. 


PINHOLE 


PINHOLE 


diffraction patterns. Temperatures of 1000, 1240 and 
1320° F. were used in the attempt to determine the 
optimum stress relieving temperature. Diffraction pat- 
terns (Fig. 10) were made after each stress relief and 
showed that the most suitable temperature was 1320° F. 
In stress relieving, the strips were clamped between 
heavy steel plates to prevent warping, and packed in a 
mixture of powdered charcoal and burnt magnesia to 
prevent decarburization. The stress relieving was done 
in a Lindberg Cyclone furnace. The samples were held 
at the specified temperature for 4 hr., then furnace cooled. 
All temperatures were maintained to +5° F. of the de- 
sired temperature. 

The strips were then pickled to remove scale and any 
decarburization. After the pickling, the strips were 
made into tensile specimens. A final pickling operation 
was given to the finished specimen to remove any super- 
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ficial cold work that might have taken place on the sur- 
face in the machining operation. 

Tensile tests were run on standard size specimens that 
had been given the foregoing treatment, to determine the 
yield and ultimate strengths. The treatment resulted in 
a yield strength of 59,500 psi. and ultimate strength of 
81,500 psi. Figure 11 shows the stress strain curve for 
the SAE X-4130 steel in the condition in which it was 
used for the tensile specimens. 

One duralumin specimen (Fig. 12), was made from 
24S-T duralumin sheet 0.033 in. thick, It was an- 


Fig. 25—Comparator Used in Measuring Steel Diffraction 
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Fig. 26—Viewing Tube for Comparator Used in Measuring 
Duralumin Diffraction Patterns 
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r calculation of effective lattice parameters of steels from diffraction patterns taken at back reflec- 
cobalt Key radiation and using silver for calibration. 


(b) Chart for calculation of effective lattice 


of some aluminum alloys, from diffraction patterns taken at back reflection with copper Kay radia- 


3l-s 


+ 
SPECIMEN 
INCIDENT f 
BEAM | Fy 
Fim A | INCIDENT 
iN | BEAM 
\ SPECI = 
\ 
\ 


nealed for 1 hr. at 400° F. in order to increase the sharp- 
ness of the diffraction lines without appreciably decreas- 
ing the strength. The annealing conditions were se- 
lected on the basis of previous tests. The yield strength 
in the condition as tested was 56,000 psi. 

It was decided to use, in the steel specimens, a 60° 
notch, and to hold the ratio of the notch radius to the 
maximum width of the specimen constant. ,This ratio 
was approximately 0.04 and produced theoretically’ a 
stress concentration factor of 3.5 for the 25% notch and 
of approximately 2.5 for the 5% notch (Fig. 6). 

Two notch depths were investigated, 25% and 5%. 
The dimensions of the specimens are shown in Fig. 13. 

Since the specimen was relatively short, and since the 
tensile machine applied the load by means of two pins 
passing through the ends of the specimen, there was some 
doubt as to whether or not the applied load would pro- 
duce a uniform stress distribution in the unnotched por- 
tion of the specimen To overcome this difficulty, cold- 
rolled steel plates were riveted to the ends of the speci- 
men. This, in effect, increased the length of the speci- 
men and produced a uniform stress distribution, since the 
loading pins applied the load to the plates and not to 
the specimen directly. 
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Figs. 28 to 30—Measured Stress Distributions in 20% Notched 
24-SH Duralumin Flat Tensile Bar 


In the case of the duralumin specimen (Fig. 12) a 60° 
notch also was used. However, in this specimen, a 
higher stress concentration factor was used. The ratio 
of the notch radius to the specimen width was approxi- 
mately 0.02, and the notch depth was 20%. This set of 
conditions corresponds to a stress concentration factor of 
more than 4 (Fig. 6). It was found necessary to rivet 
supporting plates to the ends of the specimen as in the 
case of the steel specimens. 
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Fig. 31—Proposed Elastic Longitudinal Stress Distributions in 
Notched Tensile Test Bars with Increasing Applied Loads 
(Sachs and Lubahn) 


Straining the Tensile Specimens 


A special tensile machine (Fig. 14) designed and con- 
structed in this laboratory especially for this investiga- 
tion by Frank Miller, was used to obtain the various 
loads on the specimens. The load was applied through a 
worm-and-screw arrangement, and transmitted to the 
specimen by means of a “calibrating bar’’ made from 
tubular SAE X-4130 steel. Figure 15 shows the tensile 
machine in position for making diffraction patterns from 
the duralumin specimen. The tubular member served 
as a means of measuring load. For use in transmitting 
load to the duralumin specimen it was used in the hot- 
rolled condition, but for use with the steel specimens it 
was necessary to make it stronger, for carrying larger 
loads, by annealing at 1700° F., air cooling and temper- 
ing at 700° F. This heat treatment produced a pro- 
portional limit corresponding to a load of 3200 Ib. 
The tensile machine itself could withstand a “consider- 
ably higher load. 

The change in length of this tube for any change in 
load was determined accurately on a standard Olsen ten- 
sile machine. It was found that in the hot-rolled con- 
dition, 20 Ib. produced an elongation of 0.0001 in. in a 
2-in. gage length, while in the heat-treated condition, 37 
Ib. produced the same elongation. The load applied to 
the tensile test specimens during investigation by X-rays 
was measured by noting the change in length in a 2-in. 
gage length of this tube, and applying the foregoing cali- 
bration factors. To make sure that the same load was 
applied to the calibrating bar as to the specimen, they 
were connected in series. The elongation of the cali- 
brating bar was measured with an Olsen gage, reading 11 
ten-thousandths of an inch. ; 

The tensile machine was equipped to produce a verti 
cal movement of the specimen of 1 in. and also a coml- 
plete rotation of the specimen about the horizontal axis 
of the machine. 

On both steel specimens the first load was chosen 11 
such a way that the peak stress would be approximately 
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Fig. 32—Residual Stress Distribution in 20% Notche: 24-SH 
Duralumin Flat Tensile Bar 
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Fig. 33—Fictitious Elastic Stress Distribution for 33,700 Psi. 
Average Load in 20% Notched 24-SH Duralumin Flat Tensile 
Bar (Actual Distribution Minus Residual Distribution) 


equal to the yield strength. Since the yield strength was 
59,500 psi., and the stress concentration factor was 3.5, 
the first load corresponded to an average stress of 17,000 
psi. The second load on the steel specimens was 
selected in such a way that there would be plastic flow 
at the notch bottom. If plastic flow occurs, there are 
residual stresses after unloading; so after the stress 
listribution corresponding to the second load was 
analyzed by means of diffraction patterns, the specimen 
was unloaded and the residual stresses were studied. 
The third load on the steel specimens was chosen in 
such a way that the average stress was greater than the 
yield strength, and thus, so that the whole sample had 
yielded. However, certain difficulties arose in the case of 
the specimen with the 5% notch, so that this load could 
not be attained. The final load for this specimen was, 
however, near the yield strength. Since the third load 
ilso caused residual stresses, a fifth series of patterns was 
made to analyze the residual stress state of each speci- 
men. 

All three loads for the duralumin specimen were chosen 
such that the average stress was below the yield strength 
ior the duralumin. They corresponded to average 
stresses of 4300, 12,000, 33,700 psi. 

After the application of the second load of 50,000 psi. 
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figs. 34 and 35—Measured Stress Distributions in 25% Notched 
SAE X-4130 Steel Flat Tensile Bar 
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average stress to the 25% notch steel specimen, which 
was the first to be investigated, and after both the 
strains under load and the residual strains had been 
measured, a question arose as to the possibility of a de- 
crease in load when the specimen was kept in a state of 
strain over such a long period of time as is necessary for 
X-ray stress measurements. Mechanical tests showed 
that creep is very pronounced in SAE X-4130 steel, but 
that no creep occurs at a load which is 15% less than the 
maximum load to which the specimen has been previ- 
ously subjected. Thus, to avoid possible changes of 
load during X-ray measurements, the following general 
procedure was used. The desired load was applied, and 
then backed off by 15% before making the X-ray ex- 
posures. To find what the stress distribution would 


Fig. 36—Residual Stress Distribution in 25% Notched SAE 
X-4130 Steel Flat Tensile Bar 
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Fig. 37—Fictitious Elastic Stress Distribution for 50,000 Psi. 
Average Load on 25% Notched SAE X-4130 Steel Flat Tensile 
Bar (Actual Distribution Minus Residual Distribution) 


have been at the desired load, elastic stresses correspond- 
ing to the 15% decrease of load were added to the 
measured stresses. 


X-ray Technique 


Cobalt X-radiation is recommended for back-reflection 
work on steels; while copper X-radiation is best suited 
for aluminum and its alloys. Consequently, in making 
the diffraction patterns from the steel tensile bars, a 
Coolidge water-cooled cobalt target X-ray tube was 
used for the production of the X-ray beam and a Phillips- 
Metallix diffraction tube with a copper target was used 
for the duralumin specimen. Both tubes were operated 
at 35 kv., but the cobalt tube required 10 milliamp., 
while the copper tube could be operated at 20 milliamp. 

In the investigation of the steel specimens, cameras 
of the Sachs back-reflection type were used (Fig. 16). 
These cameras were designed and constructed along 
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with the plate on which they are mounted (described 
later) in this laboratory especially for this work by 
Frank Miller. They consisted of a flat circular cassette 
mounted normally on a hollow axle. The film, with a 
hole punched in the center and protected by black paper, 
was held in the cassette by means of a metal plate. The 
plate was provided with ports for the passage of the 
X-rays. 

The cassette was mounted on grooved rollers which 
were fastened on a plate. The plate was adjustable with 
respect to the X-ray tube in horizontal and vertical 
movement, and in angle of inclination with the X-ray 
tube. By means of these adjustments, it was possible 
to pass the main beam of X-rays emanating from the 
tube through the pinhole system. The roller bearings 
permitted full rotation of the cassette about the X-ray 
beam as an axis. The pinhole system (Fig. 16) was held 
in a brass sleeve that fitted snugly into the hollow axle of 
the cassette. The forward pinhole was 1 mm. in di- 
ameter and was 2 in. from the target. The resultant 
beam was collimated to 0.10 in. by means of a collimat- 
ing pinhole 1'/, mm. in diameter placed 1'/: in. from the 
forward pinhole. The film-to-specimen distance was 
3'/,in. Figure 17 shows the plate and the cassette with 
the pinhole system in position. . 

After the first picture was taken, it was found that the 
silver calibration substance was too large grained to pro- 
duce a uniform diffraction ring (Fig. 18). It was neces- 
sary, therefore, to rock the film in order to obtain an 
accurately measurable silver ring. A rocking device was 
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Fig. 38—Hypothetical Stress Distribution for 10,500 Psi. 
Average Elastic Relief of 70,000 Psi. Average Load on 25% 
Notched SAE X-4130 Flat Tensile Bar 


attached to the plate that held the cassette. The de- 
vice gave a rocking motion of + 10° to the cassette. By 
releasing the cam action, it was possible to give the cas- 
sette a full 360° rotation. Figure 17 shows the cassette 
with the rocking mechanism attached. 

In the case of the duralumin investigation the same 
type of camera was used (Fig. 15). It was found that 
the duralumin was of such a grain size that rocking did not 
improve the pattern, and hence no rocking device was at- 
tached. The pinhole system which was used for the 
investigation of this specimen, was essentially the same 
as that used for the steel specimens, giving the same 
focusing conditions, but the' pinholes were smaller. The 
forward pinhole was 0.025 in. in diameter, and the 
second pinhole collimated the beam to 0.075 in. diameter 
at the specimen surface. 

The position of the X-ray beam on the surface of the 
specimen, where measurements were to be made, was 
located by placing a fluorescent screen across the notch. 
The screen was graduated in tenths of an inch by means 
of an X-ray opaque ink. By locating the beam between 
successive graduations, its position relative to the 
sample could be determined. The thickness of the 
screen was taken into account when the specimen was in 
position for the oblique pictures. 
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Fig. 39—Actual Stress Distribution Curve for 70,000 Psi, 
Average Load on 25% Notched SAE X-4130 Flat Tensile Bar 
(Measured Distribution Plus Hypothetical Distribution) 


Since the strain in the metal immediately adjacent to 
the notch bottom was of particular interest, attempts 
were made to produce patterns 0.05 in. from the notch 
bottom. With a beam 0.10 in. in diameter, the X-ray 
pattern yielded irregular results in this ,region, and 
usually stresses close to the average. This failure to 
register stress concentration might be explained by the 
fact that such stress concentration occurs only within a 
small part of the exposed area and possesses a large 
gradient. Such stresses, apparently, have little in- 
fluence on the stress pattern, and their effects are un- 
consciously disregarded in visual measurements. Some 
attempts were made to measure the peak stresses by re- 
stricting the beam to 0.02 in., but with so small a beam, 
24-hr., exposures failed to produce measurable patterns. 
Because 24-hr. exposures are not commercially useful, 
attempts in this direction were abandoned. 

The (400) plane of silver produces K, rings slightly 
greater in diameter than the rings produced by the (510 
plane of iron, using cobalt radiation. It was decided to 
use silver as the calibration material (etalon) for the de- 
termination of the lattice parameter of the steel speci- 
mens. The silver was used in the form of chemically 
pure Mallinckrodt silver metal powder, a precipitated 
analytical reagent. It was found that the silver, when 
applied across the notch of the specimen in the form o! 
strips, produced silver diffraction lines that were either 
too dark or too light (Fig. 19). For that reason, the 
etalon was applied uniformly to the sticky side of cellu 
lose tape, which was then glued to the specimen by meats 
of glyptol with the silver in contact with the specimen 
This method also produced a protective coating for the 
specimen which prevented the corrosion of the specimet 
surface. 

For the duralumin test bar, gold powder (—300 mesii 
and 999.9 fine) was used as the calibration metal. It was 
supplied through the generosity of Handy and Harmat 
of New York. The method of application was the same 
as for the application of the silver powder, with the 
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Fig. 40—Residual Stress Distribution 25% Notched S\" X-4130 
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Fig. 41—Fictitious Elastic Stress Distributions for 70,000 Psi. 
Average Load on 25% Notched SAE X-4130 Flat*Tensile Bar 
(Actual Distribution Minus Residual Distribution) 


ception that shellac was used to hold the cellulose tape 
to the specimen. The shellac was allowed to dry 
partially before the cellulose tape was applied. Several 
trials were necessary to get the gold powder of the right 
thickness to produce diffraction lines of the same in- 
tensity as those of the duralumin (Fig. 20). 

Assuming that the two principal stresses in the sur- 
face of the notched bar are always parallel and perpendic- 
ular to the longitudinal axis, three exposures in different 
directions must be taken in order to determine the com- 
plete stress state at each point. One of these exposures 
is usually made with the X-ray beam perpendicular to 
the surface, while the other two are oblique, and in the 
planes formed by the normal direction and the longi- 
tudinal and transverse axes, respectively. 

The stress state was determined at five points across 
the specimen at the bottom of the notch. The stress 
state was assumed to be symmetrical about the longi- 
tudinal center line, so that the distribution of stresses 
over only half the width of the notched section was suffi- 
cient. These positions are shown in Fig. 13. For the 
duralumin specimen, the same assumptions were made, 
but only four positions were studied (Fig. 12). For the 
oblique exposures, 45° was chosen as the angle between 
the surface and the incident beam for the steel specimens. 

That part of the radiation from the target was used 
which made 6° with the horizontal plane perpendicular to 
the X-ray tube. Appropriate templets were made so 
that the specimen might be tilted to the proper angle to 
make the desired angle with the X-ray beam. 

For the normal pictures, a templet of 90—6°, or 84°, 
with the horizontal was used. For the transverse pat- 
rns, a templet of 45—6°, or 39°, was used, and for the 
ongitudinal pictures, the templet angle was 90—4°, or 

%’. The templets were made of cold-rolled sheet and 
Were such that when the flat side of the tensile speci- 
men touched the inclined edge of the templet, the speci- 
men Was in the proper position. 

In making the normal patterns, both the longitudinal 
“x the transverse axes of the specimen were normal to 
-: Xray, beam. For the oblique pattern necessary for 
“termining the longitudinal stress, the longitudinal 
re the specimen was inclined 45° to the X-ray beam, 
=p the transverse axis was perpendicular to it (Fig. 21) 
. Similarly for the oblique pattern necessary for de- 
“mining the transverse stress (Fig. 22). 
ties a positions across half the notch (Fig. 13) were 
“a be one load and one orientation before the speci- 
liferent reoriented. For producing the patterns at 
mt ie Positions on the specimen, since the beam could 

raised and lowered, the specimen was raised or 


lowered with respect to the beam by means of the verti- 
cal adjustment on the tensile machine. 

After the five exposures for one orientation of one 
particular load were completed, the specimen was un- 
loaded, and reoriented. It was then reloaded to the 
same load,. and diffraction patterns were made at the 
same positions. This process was repeated until the 
three patterns for each of the five positions for one load 
were finished. The procedure was then repeated for the 
next load. 

In exposing the film for the normal patterns, full rota- 
tion of the film was used. For the patterns made with 
oblique incidence, the film was rocked +10° about its 
axis. 

Thirty degrees was chosen as the angle of oblique in- 
cidence for the duralumin specimen. The method of 
specimen orientation was approximately the same, but 
the method of producing the diffraction patterns was 
slightly different. The chief difference occurred in the 
procedure for making the oblique patterns. Since the 
work on the duralumin specimen preceded the work on 
the steel specimens, not all the factors influencing the 
accuracy! had been studied. In view of this fact, the 
following is the procedure that was used for the dur- 
alumin specimen. With the beam at normal incidence, 
the pattern was obtained in a single exposure (Fig. 23(a)). 
For oblique incidence, that part of the beam farthest 
displaced from the normal was used (Fig. 23(6)) in order 
to improve the accuracy. The remainder of the rays 
were blocked out with a lead baffle. This required two 
exposures with the film in two positions 180° apart in 
order to obtain diametrically opposed segments for 
measuring. 

In the steel sample investigation, both sides of the 
diffraction ring were obtained in one exposure by placing 
the film in such a position that each side fell on the focus- 
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Figs. 42 to 44—Measured Stress Distribution in 5% Notched 
SAE X-4130 Steel Flat Tensile Bar 
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ing sphere at the intersection of the cone of diffraction 
and the focusing sphere. 

Since the area of the specimen covered by the X-ray 
beam was of finite size, and since, for the oblique pat- 
terns, the specimen was inclined to the incident beam, 
the simple focusing conditions of the normal patterns 
(Fig. 23(@)) were not obtainable. The incident beam 
did not pass along a major diameter of the sphere, but 
along one of the minor diameters (Fig. 24(a)). There- 
fore, there was only one position of the film in which any 
two diametrically opposite points of the diffracted cone 
intersected the focusing sphere at equal distances from 
the specimen (Fig. 24(b)). For the specimen orientation 
for determining transverse stress, the position of the film 
was such that the longitudinal axis of the film was 
parallel to the longitudinal axis of the specimen, while 
for the specimen orientation for determining longi- 
tudinal stress, the position was such that the longi- 
tudinal axis of the film was parallel to the transverse 
axis of the specimen. In both caseg, the film-to-speci- 
men distance was the same as that for normal incidence. 
Although the rocking necessary to eliminate spottiness 
of the diffraction lines introduced an error because of the 
fact that this position was changed, the error was slight. 
The rocking was only 10° on either side of the true posi- 
tion so that the displacement of the line due to the effect 
of a strain in a slightly different direction was not great. 
For the normal patterns for the steel specimens, the same 
focusing conditions were used as were used in the case of 
the duralumin specimen (Fig. 23(a)). 

In making the diffraction patterns for the steel speci- 
men exposure times of 25 to 30 min. gave easily measur- 
able films. It was thought that if the exposures had been 
made with an X-ray tube having beryllium windows in- 
stead of the conventional Lindemann glass, the ex- 
posure time might have been reduced to 10 min. or less. 
The duralumin patterns required exposure times of 4'/2 
hr. This long exposure time might be accounted for 
partially by the small size of the pinholes, the extremely 
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Fig. 47—Diffraction Patterns from Notch Bottom to Center of Specimen (Top to Bottom) for 50,000 Psi. 
Average Load on 25% Notched SAE X-4130 Steel Tensile Specimen 
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Figs. 45 and 46—Residual Stress Distribution in SAE X-4130 


LOADED TO 30000 PS! AVE 


UNLOADED TO 25,500 PS! AVE. 


LOADED TO 5Q400 PS/ AVE 


UNLOADED TO 41400 PS! AVE 
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Steel 5% Notched Flat Tensile Bar 


fine-grained condition of the metal and an irregular 
metallic deposit on the Lindemann windows of the X-ray 


tube. 


Agfa nonscreen X-ray film was used in both cases. It 
was developed in Eastman X-ray developer from 2'/, t 
4 min. depending upon the temperature of the developer 
Although no attempt was made to control the tempera- 
ture during the exposure time, it did not deviate from 25 


C. by more than +4° C. 


The films were fixed in Eastman X-ray fixer for about 
20 min., then washed and dried in a horizontal position 
to prevent uneven shrinkage in the direction of measure- 


ment. 
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Table 1—20% Notched Duralumin Specimen 


Stress Calculations 


Diffraction patterns for the steel 
LOAD POSI-| NORMAL | LONGITUDINAL | TRANSV TRANSVERS 
ND AV. TION |PARAMETER| PARAMETER | PARAMETER STRESS STRESS — ed with a com 
STRESS IN A° IN a° IN A° PSI PSI parator (Fig. 25) consisting mainly 
— ___—iof a metric scale and a sliding indica- 
140 lbs. 1 | 4.0402 1,009 tor carrying avernier. The indicator 
4,300 psi 2 | 4,0404 4.041 4. 
| | 4.0407 + 73000 | 500 rested almost directly the film, 
4 | 4.0409 4.0416 4.0417 + 3,500 + 4,000 | thusavoiding parallax. Reflected light 
| from bene re Sec 
400 lbs. | 1 | 4.0370 | 4.0426 4.0391 +29,000 | 411,000 | {rom beneath the film was used to 
(12,000 psi)} 2 | 4.0394 4.0419 4.0398 +14,500 +2,000 | illuminatethefilm. By this technique 
| S | 4.0401 | 4.0426 4.0807 #13,000 | ~ 2,000 | film expansion because of heating was 
| eliminated. Readings to 0.01 cm. 
| 1110 tbs. | 1 | 4.0368 4.0418 4.0885 $08,000 yA es were obtainable directly from the 
\(33,700 psi)} 2 | 4.0350 4.0422 4.0 +37, +16, on 
55,100 3 | 4.0363 4.0422 4.0379 +317,000 + 8,500 comparator, and readings to 0.003 
4 | 4.0364 4.0427 4.0378 +33, 500 + 7,000 cm. could be obtained by averaging a 
sufficient number of readings. 
| Residual 1 | 4.0452 4.0413 4.0442 +20, 000 - 5,000 
Stress 2 | 4.0408 4.0413 4.0416 + 2,000 + 3,500 In measuring the duralumin dif- 
Unloaded 3 | 4.0409 + fraction patterns, a slightly different 
; able of giving readings to 0.001 cm. 


Table 2—25% Notched S.A.E. X4130 Steel 


T 
LOAD POSITION| NORMAL |LONGITUDINAL| TRANSVERSE 
AND AV. |PARAMETER| PARAMETER | PARAMETER 
STRESS | IN A® IN A° IN A° 

527 lbs. 1 | 2.86061 | 2.85147 | 2.86003 
(17,000 psi) 2 2.86044 2.86150 2.86052 
3 2.86059 | 2.66118 | 2.86071 
4 2.86062 | 2.86124 | 2.86044 
2.scoze | 2.86128 | 2.86050 

1550. lbs. 
(50,000 psi) 1 2.85908 | 2.86253 2.86003 
2 2.85885 | 2.86196 | 2.86035 
3 2.85924 | 2.86173 | 2.86019 
4 2.85945 | 2.86189 | 2.86002 
5 2.85972 | 2.86215 | 2.86020 
Residual Stress 1 2.86143 | 2.86099 | 2.86100 
Unloaded from 2 2.86083 | 2.86096 2.86103 
1550 lbs. 3 2.86095 | 2.86089 2.86089 
4 2.86095 2.86071 | 2.86097 
5 2.86095 | 2.86072 | 2.86097 
Loaded to 2170 lbs. 1 2.85996 | 2.86230 | 2.86057 
(70,000 psi) 2 £.25893 2.86233 | 2.86008 
Wnloaded to 1960 lbs.| 3 2.85879 | 2.86200 | 2.86008 
| (59,000 psi) | 4 | 2.88907 | | 2.86022 
5 2.85927 2.86204 | 2.86000 

| 

| Residual Stress 1 | 2.86179 | o.ssose | 2.86093 
|} Unloaded from 2 2.e6092 | 2.86101 | 2.86114 
2170 lbs. 3 £.86077 | 2.86100 2.86097 
4 £.86073 | 2.86066 2.86109 
5 .86089 2.86085 2.86112 


Table 2 (Contd.)—25% Notched S.A.E. X4130 Steel 


| 
| POSI 


T 
LONGITUDINAL| TRANSVERSE | LONGITUDINAL | TRANSVERSE | 


A sketch of the comparator appears 
in Fig. 26. A series of settings was 
made with the indicator on each line until a consistent 
value was obtained. Three series were considered suf- 
cient for each film to obtain an accurate average. 


Table 3—5‘;, Notched S.A.E. X4130 Steel 
LOAD | NORMAL | TRANSVERSE 
AND AV. PARAMETER! PARAMETER | PARAMETER 

STRESS | IN a° IN | IN 

| | } 
578 lbs. 1 | 2.86025 | 2.86129 | 2.86003 
(17,000 psi) 2 2.86039 | 2.86145 | 2.86037 
3 2.86032 | 2.86141 | 2.86040 
4 | 2.86015 2.86125 | 2.86033 
5 |2.86041 | 2.86155 | 2.86038 

Loaded to 1020 lbs. 1 -86C021 2.86138 2.86013 
(30,000 psi) 2 .86034 | 2.86140 2.86008 
Unloaded to 870 lbs. 3 | 2.86020 | 2.86156 | 2.86013 
(25,500 psi) 4 2.86016 | 2.86151 | 2.85988 
5 2.86005 | 2.86128 2.86009 
Residual Stress 1 2.86089 2.86069 | 2.86086 
Unloaded from 2.86070 | 2.86097 | 2.86069 
1020 lbs. 3 2.36074 2.86048 | 2.86072 
4 2.86074 | 2.86058 2.86064 
5 2.86 073 | 2.86070 | 2.86072 

Loaded to 1713 lbs. 1 2.85971 | 2.86207 | 2.85973 
(50,400 psi) 2 2.85982 | 2.86203 | 2.85970 
Unloaded to 1405 lbs. 3 2.85957 | 2.86196 |} 2.85979 
(41,400 psi) 4 2.85981 | 2.86210 | 2.85984 
5 2.85954 | 2.86195 2.85967 
Residual Stress 1 2.86092 | £.86103 |2.96079 
Unloaded from 2 2.86088 | £.86057 }2.86101 
1713 lbs. 3 2.86070 | 2.86042 | 2.86039 
4 2.86068 | 2.86086 12. 86073 
5 2.86070 | £.86071 2.86089 


C7 
AND AV |TION | STRESS-PSI |STRESS-PSI| STRESS-PSI |STRESS-PSI Table 3 (Contd.)—5% Notched S.A.E. HAI Steel 
STRESS MEASURED MEASURED | CORRECTED [CORRECTED 
LOAD | p POSI- | LONGITUDINAL! TRANSVERSE| LONGITUDINAL reansvense] 
527 lbs. 1 | 413,600 = 9,2 +14,700 -10,100 AND AV. | TION |STRESS-PSI | STRESS-PSI STRESS-PSI | STRE : 
(17,090 psi) 2 +16, 800 + 1,300 +17,700 + 900 STRESS MEASURED | MEASURED | CORRECTED | CORE 
8 + 9,300 + 1,900 + 9,800 + 1,500 — " 
4 + 9,800 - 2,800 +10,400 - 3,300 | 
| 716,800 | * 4,200 (17,000 psi) 2 | +16/A00 - +19,700 | = "800 
50 } | 3 | 417,200 +1,300 +18,200 | + 900 
Les. 1 +54,500 #15,000 | +57,600 +14,200 | | 4175400 +2800 #185300 | 42,500 
psi) 2 +49,200 +23,700 | +51,300 +23, 700 s | 418000 500 #19000 700 
3 +39,400 +15,000 | +41,100 +15, 000 
4 +37,200 + 7,600 | +59,100 + €,900 Loaded to 1020 lbs.| 1 +18,500 -1,200 +19,500 | 2,000 
5 438,400 + 7,600 +40,400 + 6,800 (30,000 psi) 2 +16;700 #177700 | ) 
Unloaded to 870 lbs. +21,500 -1,100 +22, 700 -1,800 | 
rtp HE - 7,000 - 6,800 - 7,200 - 7,000 (25,500 psi) 4 +21,300 -4,400 422,600 | -5,200 
me | + 2,100 * | 2,100 + 3,200 5 +19,400 + 600 +20,500 
1550 lbs. 3 = 900 - 900 - 1,000 = 1,000 
4 - 3,800 + 300 | = 4'900 + 400 Residual Stress 1 - 3,200 - 500 - 3,409 | = 400 
5 - 3,600 * .300 } < 3,800 + 400 Unloaded from 2 + 4,300 - 200 + 4,500 = 3800 
| 1020 lbs. 3 4,100 | - $300 - 4,300 200 
waded to 1 +37,000 + 9,600 | +38,890 + 9,000 4 - 2,500 -1,600 - 2,600 ~1,300 
(ei? pee 2 +53,000 #18,200 | +56,200 +177600 5 - 500 - 209 - 500 - £00 
ps 3 +2 + 
| | | Loaded to 1713 lbs.| 1 | +37,300 |. + 300 | +39,300 399 
96 5 +43° 800 411.500 #46000 (50,400 psi) 2 +25,100 -1,900 +37,200 -3,100 
(59,500 pst) Unloaded to lbs. $37 800 +3,500 #30, 700 #2,600 
J ps +36,2 + 500 #38, 50 690 
Residual Stress] 1 “20,100 -13,600 -20,800 -13,800 5 +38,100 +2,100 +40,100 #1,100 
“ane 8 + 1,400 + 3,500 + 1,400 + 3,700 Residual Stress 1 + 1,700 -2£,100 + 1,400 -2,200 
+ 3,600 + 3,200 + 3,700 + 3,300 Unloaded from 4,900 +2,100 - 5,200 +5300 
} 4 - 1,100 + 5,200 - 1,400 + 5,500 1713 lbs. 3 - 4,490 ~A,9C0 - 4,509 -5,100 
5 = 600 + 3,600 - 700 + 3,800 4 + 2,800 + 800 + 3,000 + 700 
5 + 200 =2,000 + 200 -3,200 
1947 
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Fig. 48—Average Circumferential Stress Values of Butt-Welded 
SAE X-4130 Tubing. After Acetylene Welding, Tube Was 
Machined Inside and Out to 0.050-In. Wall Thickness 


Fig. 49—Macrostructure of the Weld and Adjacent Material, 
Showing the Various Heat-Affected Zones 


Each film was checked using the same technique. In 
more than half the total number of cases, a single check 
was sufficient to show the correctness of the value. In 
the remainder of the cases, the process was repeated 
until consistent values were obtained. When the lattice 
parameters agreed to within 0.00010 Angstrom unit, the 
values were averaged. 

The checks were usually made on different days, and it 


was seen that temperature and huntidity variations had — 


little effect on the measured lattice parameter. 

The duralumin strain patterns were measured on the 
comparator (Fig. 26) mentioned previously, Each film 
was measured six times and an arithmetic mean taken as 
the true value. 

In calculating the lattice parameter for steel the fol- 


The diameters of the iron and silver rings were found 
by subtracting the readings obtained at each end of the 
film. The ratio of the silver diameter to the iron 
diameter (Da,/Dr.) was found by the use of five-place 
log tables. From this ratio, the lattice parameter from 
each film was found graphically from the plot shown in 
in Fig. 27 (v). (This graph was read to 0.00001 Ang- 
strom unit.) 

The same method was used for the duralumin speci- 
men, with the exception that gold was used as the cali- 
bration material. The ratio of the diameters was then 
Dax/Dre. The lattice parameter was determined by 
means of the group shown in Fig. 27 (0). 

The lattice parameters of three films were used to de- 
termine the stress state at each point, as follows. 

For the longitudinal or transverse stress, the normal 
and longitudinal or transverse parameters were substi- 
tuted in the formula: 


_ ((@o)i.r — (Ao)n E 
( (do) ) x (1 + V) sin? 
where 
S:.. = longitudinal or transverse stress 


(do):.7 = parameter which is oblique to the longi- 
tudinal or transverse direction 


(Ao), = normal lattice parameter 

E = modulus of elasticity 

V = Poisson’s ratio 

© = angle between the surface and the oblique 


incident beam 


The modulus of elasticity for steel was taken as E = 
29,000,000, Poisson’s ratio as V = 0.284, and @ was 45°. 

For duralumin, the modulus of elasticity was taken as 
E = 11,000,000, Poisson’s ratio was V = 0.34, and ® 
was 39°. 

Since everything, except S,, (Ao) and (Ao),, is con- 
stant, the formula reduces to: 


S = [(Ao)z — (Ao),JK 


The constant K was evaluated as 15,800,000 for the X- 
4130 steel specimens, and 4,670,000 for the duralumin 
specimen. 

Therefore, by multiplying the parameter difference by 
K the stress could be computed directly. The accuracy 
of the lattice parameter measurements as well as the ac- 
curacy of the constants warranted only slide rule ac- 
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lowing method was used: curacy in this last calculation. 
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Fig. 50—Variation of Hardness Along an Element of the Butt-Welded Tube 
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If the calculated stress was positive, the stress was con- 
sidered to be tension. If it was negative, it was con- 
sidered as compression. 

Corrections were then applied to the calculated stress 
values of the steel, specimens. 


These corrections were calculated from the following 
formulas: 


Longitudinal stress 
(Sie + 0.056 (Sie — 0.030 
Transverse stress 


(Sy) (Sr)e — 0.030 (Sie + 0.056 (Sre 


where 


(S_)y = true longitudinal stress 

(S,)¢ = calculated longitudinal stress 
(S;)y = true transverse stress 

= calculated transverse stress 


The stresses for the duralumin specimen appear in 
Table 1 and are plotted in Figs. 28 to 33. The stresses 
lor the steel specimens appeat in Tables 2 and 3 and are 
plotted in Figs. 34 to 46. 


EXPERIMENTAL RESULTS 


_The X-ray diffraction patterns permit the determina- 

tion, for each set of three exposures in different direc- 
tions, of the surface stresses in the longitudinal and 
transverse directions. The investigation was limited to 
a number of points on the surface in the notched section 
for a given specimen under given conditions of straining. 
The individual values of stress are assembled into the re- 
spective distribution curves of the longitudinal and the 
transverse (or lateral) stresses, for each condition in- 
vestigated (Figs. 28 to 46). 

A considerable importance is ascribed both to the 
longitudinal and to the transverse stresses in relation to 
the theory of failure of metals, in particular to the theory 
of failure of brittle metals. Regarding the longitudinal 
Stress, the most significant feature is the maximum value 
t stress peak, as previously discussed, while it is the 
average value of transverse stress which is of major im- 
portance. 

In discussing the results of this investigation, it must 
pe in mind constantly that the measured values are 

ace stresses only and it is subject of considerable 
‘tas to their significance regarding the stress 
‘he interior of the metal. 
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Fig. 51—-Variation of Microstructure Along an Element of the Butt-Welded Tube 
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Duralumin 


One duralumin specimen was investigated, illustrating 
the change of the stress pattern on loading through the 
elastic range (Figs. 28 and 29) up to a load halfway be- 
tween that expected of yielding at the notch bottom and 
that for total yielding (Table 1). The yield strength of 
the metal was 56,000 psi., the stress concentration factor 
approximately 4. 

The distributions of the longitudinal and transverse 
stress under a presumably elastic load (Figs. 28 and 29) 
agree with the expected stress distributions. Figure 31 
illustrates the general trend of the stress pattern occur- 
ring after and during plastic .flow in notched tensile 
specimens." 

However, the accuracy of the stress pattetn for purely 
elastic conditions was revealed by the X-ray measure- 
ments. It would be necessary to increase the number of 
exposures a prohibitive extent in order to draw an ac- 
curate trend curve through the experimental points. 
Furthermore, X-rays are apparently not suitable for the 
determination of a very steep stress gradient, as will be 
discussed later. 

The distribution of longitudinal stress under an aver- 
age load stress of 33,700 psi., or 60% of the yield strength 
(Fig. 30) illustrates one point in the spread of plastic 
flow from the notch bottom to the center of the specimen, 
resulting in a considerable decrease of the stress con- 
centration at the notch bottom. Also, the distribution 
of the longitudinal stress does not conform to that ex- 
pected, in that the stress at the notch bottom is definitely 
less than the stress at that point at the moment of yield- 
ing. This may be due to an effect of creep similar to 
relaxation. 

This stress pattern rather corresponds to that of the 
specimen loaded up to an average stress of 43,000 psi. and 
unloaded to the actual average stress of 33,700 psi. 
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Fig. 53—The Goniometer Used to Hold the Welded Tube in the 
Proper Position Relative to the X-ray Beam 


Assuming that such an unloading by 10,000 psi. average 
stress creates only elastic stresses of three-fourths the 
amount shown in Fig. 29, the assumed stress distribution 
under a load of 43,000 psi. average would be obtained 
from the actual distribution under the load of 33,700 psi. 
(Fig. 30) plus approximately three-fourths of the 
stresses under the load corresponding to 12,000 psi. 
average (Fig. 29). A test of this type on steel yielded a 
stress distribution (Fig. 34 (a)) quite similar to that ob- 
tained on the duralumin specimen which was subjected 
to the high load for a long time. 

The residual stress distribution curve (Fig. 32) agrees 
well with that expected, in that it can be constructed 
from the curve corresponding to a load of 33,700 psi. 
average by subtracting a hypothetical elastic stress distri- 
bution for the same load (Fig. 33). In the process of un- 
loading to zero load, there should be some plastic flow 
at the notch bottom. The peak stress of the elastic 
distribution, which must be subtracted to represent the 
process of unloading, is very high. If it is greater than 
twice the yield strength, then the yield strength in com- 
pression will be reached before complete unloading has 
occurred, and plastic flow will take place. However, 
this effect should be insignificant in so far as it relates to 
the general shape of the residual stress pattern, except 
for the points in the immediate vicinity of the notch bot- 
tom which cannot be investigated readily by X-ray 
stress measurement. 


SAE X-4130 Steel 


Two steel specimens, provided with notches of 5 and 
25%, respectively, were investigated in some detail. 

The stress distribution of the 25% notch specimen 
under a presumably elastic load was not determined ac- 
curately. The study of this load was the first attempt in 
this direction, so far as steel specimens were concerned, 
and the calculated values scattered to a larger extent than 
those of later determinations, yielding no definite stress 
pattern. This scattering was attributed to the spotti- 
ness of the diffraction lines because of mechanical diffi- 
culties in the rocking mechanism of the camera. The ab- 
sence of a definite stress peak in these tests (Table 2) 
might be attributed, also, to the fundamental difficulty 
that steep stress gradients are likely to be missed by X- 
ray stress determinations. This will be discussed in more 
detail. 

* Longitudinal Stress for 25% Notched Specimen.—The 
longitudinal stress distribution for the 50,000 psi. 
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average load on the 25% notched specimen (Fig. 34 (c)) 
is in good agreement with the theoretical distribution. 
The spread of the stress peak toward the center of the 
specimen indicated that the metal at the notch bottom 
had flowed plastically, while the metal in the center of 
the specimen was still under an entirely elastic strain. 
This is verified by the diffraction patterns for this series 
of tests (Fig. 47), which became blurred in the vicinity 
of the notch, while they remained sharp in the center of 
the specimen. Since the metal at the very notch bot- 
tom showed a stress of approximately the yield strength, 
it might be assumed that the extent of plastic flow was 
limited. If the metal flow had been extensive, the metal 
adjacent to the notch would have strain hardened, and 
would have been capable of bearing a stress in excess of 
the yield strength of 59,500 psi. 

The longitudinal residual stress distribution for the 
50,000 psi. average load is shown in Fig. 36 (a). Resid- 
ual stress results from plastic flow and in the usual case 
is the difference between the actually measured stress 
distribution under load, and the elastic distribution that 
would have tesulted had the specimen been able to carry 
the load elastically. In other words, the residual stress 
distribution might be obtained approximately by sub- 
tracting the theoretical elastic stress distribution from 
the measured stress distribution. However, such a hypo- 
thetical elastic stress distribution for a high load cannot 
be determined experimentally, while the actual stress 
distribution under load and the residual stress are sub- 
ject to actual stress measurement. Consequently, by 
subtracting the residual stresses from the actual stresses, 
the fictitious elastic stress distribution is obtainable. 

Figure 37 (a) shows this fictitious (elastic) stress dis- 
tribution that resulted from subtraction of the residual 
stresses for the 50,000 psi. average load (Fig. 36 (a 
from the actual stress distribution for the same load 
(Fig. 34 (a)). This curve agrees quite well with the 
proposed theoretical distribution. Here again, however, 
it was impossible to determine the height of the peak 
accurately. From the trend of the curve, it can be seen 
readily that the stress peak might rise to three times the 
average stress, which is in agreement with the stress 
concentration factor of 3.5. 

It might also be noted that the integration of the 
stress distribution curve (Fig. 34 (a)) determined by 
actual X-ray measurement was 50,000 psi. average, or 
equal to the actually applied load. 

Figure 35 illustrates the experimental stress distribu- 
tion obtained when the 25% notch specimen was loaded 
to 70,000 psi. and then unloaded to 59,500 psi. average. 
The reasons for the unloading were twofold. First, 1 
was thought that the stress distribution obtained trom 
this procedure represented a more stable stress state 
than the probably changing stress distribution under 
high loads, which results in “creep” of the metal. It has 
been discussed previously that the stress distribution r& 
sulting from the high load on the duralumin test bar 
(Fig. 30 (a)) gave a distribution curve that did not con 
form to the expected shape. The method of partial un 
loading gives some control over the stress state o! “ic 
notched section. The nominal load of 70,00" Pp 
average was maintained for only a few seconds s” that 
creep was negligible. Experiments discussed prev 
ously in the experimental procedure showed ti! A 
loading by approximately 15% of the applied loa: would 
prevent creep. With the elimination of creep, the si 
state becomes stable, so that the diffraction patter lor 
the applied load represented the true stress distribution 
for the applied load. 

The second advantage of partial unloading w: 
the stress distribution obtained would serve as 4": 
evidence as to the validity of previous concep" 
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garding the stress distribution in a notched and over- 
strained bar and its changes on unloading, 


However, before entering into the discussion of partial 


unloading, another phenomenon must be mentioned 
which is apparent from Fig. 35 (a). The average longi- 
tudinal stress in this case does not agree with the stress 
to which the load was relieved, 59,500 psi. average, but is 
much lower, approximately 50,000 psi. As such a dis- 
crepancy has been observed only after loading to the 
high load which caused plastic flow throughout the 
notched section, the observed low average stress must be 
attributed to a nonuniformity of the stress through the 
thickness of the specimen. In other words, the de- 
ficiency of the stress found in the surface layers must be 
compensated for by a higher stress in the inner fibers. 
This conclusion is in agreement with the general con- 
ception of plastic flow in a polycrystalline aggregate, the 
crystals of which are more restrained in the interior than 
at the surface. 

Such a relation would explain, also, that the residual 
longitudinal stress usually does not average out to zero 
but to a small compressive stress. This is explained by 
the fact that, subtracting an elastic stress distribution 
irom a distribution which shows higher tensions in the 
interior than at the surface, the total resultant of the 
difference being zero, would create compression at the 
surface. 

These relations do not destroy the validity of the previ- 
ous manipulations, regarding the 70,000 psi. average 
load, but it should be borne in mind considering the stress 
distributions. Furthermore, since these discrepancies 
were noted only for the highest average léad, and since 
the phenomena that explain them result from plastic 
flow throughout a major portion of the notched section, 
this discussion will apply only to that load which pro- 
duced a large amount of plastic flow, that is, the 70,000 
psi. average load. . 

The distribution of longitudinal stresses for the 
70,000 psi. average load which was relieved by 10,500 psi, 
average (Fig. 35 (a@)) shows that the stress peak is not at 
the notch bottom as in Fig. 34 (a), but is at a position 
approximately 0.25 in. from the notch bottom. This 


difference in the location of the stress peaks can be 
accounted for by the fact that the unloading, which was 
presumably elastic, caused a greater decrease in stress at 
the notch bottom than elsewhere, thus leaving stress 
peaks at a point below the notch bottom. Since the 
specimen was relieved by 15% of the initial load, this re- 
lief must be taken into account before the stress distribu- 
tion at the initial load can be calculated. Because the 15% 
unloading constituted an elastic relief, an elastic stress 
distribution for an average stress of 15% of 70,000 psi., 
or of about 11,000 psi., had to be added to the actual 
distribution curve (Fig. 35 (a)) in order to determine the 
distribution before the unloading. As there was no way 
of actually determining the elastic stress distribution, the 
theoretical elastic curve for the 50,000 psi. average load 
(Fig. 37 (a)) was taken as representative of an elastic 
distribution. 

Figure 38 (a) shows the hypothetical distribution of 
the elastic longitudinal stress for an average stress of 
11,000 psi., which was constructed from the theoretical 
elastic distribution for the 50,000 psi. average load by re- 
ducing all the ordinates proportionately. This curve 
was added to the actual stress distribution curve as de- 
termined by the X-ray measurements, and the curve 
that represented the actually applied load was obtained 
(Fig. 39 (a@)). The metal adjacent to the notch bears a 
load in excess of the original yield strength of 59,500 psi. 
average. This is in keeping with the theory that the 
metal at the notch bottom flowed plastically and so 
underwent some degree of strain hardening. The center 
elements of the specimen carry a load slightly below 
the original yield strength. This would seem to indi- 
cate that although the average stress was well beyond the 
yield strength of the material, the distribution was such 
that the center elements of the specimen were still under 
elastic stress. 

Another possible explanation of this dip in the center 
of the stress distribution curve might be the previously 
discussed phenomenon that the surface crystals of a 
crystalline aggregate bear less stress than the average 
stress for the aggregate. 

The integration of the curve representing the longi- 
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Fig. 54—Illustration of the Qualitative Rating Systems Used to Indicate the Measurability of X-ray Films 
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tudinal stress while under load (Fig. 39 (a)) gave an 
average stress of 60,000 psi., while the applied stress was 
70,000 psi. average. This is again in keeping with the 
theory of uneven distribution of the stress along a line 
perpendicular to the surface. 

Figure 40 (a) shows the longitudinal residual stress 
distribution for the 70,000 psi. average load. The curve 
is similar to that of the longitudinal residual stress curve 
for the previous load of 50,000 psi. average (Fig. 36 (a)). 
The compression at the notch bottom is much higher, as 
would be anticipated from the fact that the stress peak 
of the corresponding fictitious elastic stress distribution 
is proportionately higher for the higher load. However, 
the increase in actual stress with increasing load is rela- 
tively uniform over the cross section because of the effects 
of plastic flow. Thus, when a much higher elastic stress 
peak is subtracted from an actual stress that is only 
slightly higher, the resulting residual stress would have a 
larger value in compression. In the residual stress 
curve for the 70,000 psi. average load, the tension peaks 
have moved in farther toward the center of the specimen 
than is the case for the 50,000 psi. average load. This, 
too, can be accounted for by the shape of the fictitious 
elastic stress distribution curve. The tension peaks have 
a wider base, and consequently when they are sub- 
tracted, the tension peaks remaining in the residual stress 
curve are farther from the notch bottom. 

When the longitudinal residual stress was subtracted 
from the actual longitudinal stress for the 70,000 psi. 
average stress load, the fictitious elastic stress distribu- 
tion curve shown in Fig. 41 (@) resulted. This curve 
bears a striking similarity to the theoretical elastic stress 
curve for the 50,000 psi. average stress load (Fig. 37 (a)). 
The stress peaks again rise to a value that might be 3.5 
times the average stress of the fictitious elastic distribu- 
tion for the 70,000 psi. average stress. The average 
stress determined by integrating the curve was 69,000 psi. 
This is in close agreement with the actually applied load 
of 70,000 psi. average. In other words, the total un- 
loading causes changes of stress which are practically 
only of an elastic nature and, consequently, for the sur- 
face do not differ materially from those for the interior 
fibers. 

Transverse Stress for the 25% Notched Specimen.— 
Figure 34 (6) illustrates the transverse stress distribution 
for the 25% notched specimens, strained to the average 
load of 50,000 psi. The transverse stress is zero at the 
notch bottom, becomes a maximum at a point 0.15 in. 
from the notch bottom, and then again decreases to a 
very low value in the center of the specimen. Such a 
stress distribution agrees with both theoretical concep- 
tions and photoelastic measurements, as previously dis- 
cussed. 
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Figure 36 (6) shows the residual transverse stress distri- 
bution for the 50,000 psi. average load. It will be noted 
that the transverse residual stress has approximately the 
same distribution curve as the longitudinal residual 
stress, with two exceptions. The first is that the stress 
at the notch bottom must be zero for the transverse 
stress, while it is probably high in compression for the 
longitudinal stress. The second is that the longitudinal 
residual stress in the center is compression, while the 
residual transverse stress in the center is tension. 

Subtracting the residual stresses from the actual 
stresses in order to determine the fictitious elastic stress 
distribution was also used in regard to the transverse 
stress. Figure 37 (+) shows the resultant distribution 
which is again in agreement with the generally accepted 
conceptions. 

The distribution of the transverse stress under an aver- 
age load of 59,500 psi., after unloading ‘from an average 
load of 70,000 psi. (Fig. 35 (b)) shows two significant 
phenomena. First, the stress peak has moved closer to 
the center, appearing at 0.25 in. from the notch bottom, 
and second, the average transverse stress was increased, 
almost in proportion to the average longitudinal stress. 

The effect of unloading by 15% is presumably purely 
elastic, as illustrated in Fig. 38 (6). When this curve was 
added to the actual stress distribution as determined by 
X-rays, the curve shown in Fig. 39 (b) resulted. Thus 
curve represents the lateral distribution for the applied 
load of 70,000 psi. average. 

Figure 40 (b) shows the transverse residual stresses lor 
the 70,000 psi. average load. This curve is similar to the 
lateral residual stress curve for 50,000 psi. average | vad. 
However, as expected, the distribution of the 70,000 ps! 
average lateral residual stress curve shows greater col 
pression peaks and higher tension in the center of tl 
specimen. 

When these lateral residual stresses for the (),\\" 
psi. average load (Fig. 50 (b)) were subtracted from the 
curve representing the lateral stress distribution tor UX 
total load of 70,000 psi. average (Fig. 39 (0)) a fictitious 
elastic distribution for the lateral stresses under a 10.1 0! 
70,000 psi. average was obtained (Fig. 41 (0)) Phis 
curve agrees with the one representing the pcttes 
elastic distribution for the 50,000 psi. average load. 1 
stress peak is in both instances at approximate!) “« 
same place, while the tension in center is increase ! 0T 
than in proportion to the applied load. a 

Stresses for the 5% Notched Specimen.—Ti 
notched specimen did not exhibit the sharp stress |“ 
(Figs. 42 to 46) that the 25% notched speci: 
Although the stress peaks probably did exis’, 
presence could not be detected. This was ascribed - 
limited sensitivity of the X-ray method. In ths c®% 
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the stress peak was thought to be of sufficiently narrow 
width that it was not apparent in the diffraction pat- 
terns. Since the beam covered 0.10 in. of the notch 
width, the displaced diffraction line due to a sharp peak 
might not be apparent when included with the more in- 
tense line due to a uniform stress in the larger region of 
adjacent metal. 

Figure 42 shows the stress distribution for an average 
stress of 17,000 psi. With the stress concentration 
factor being approximately 2.5, this load was well within 
the elastic range of the steel. The longitudinal stress 
distribution (Fig. 42 (a)) shows no stress peaks, but an 
average value of 18,000 psi., in agreement with the applied 
load of 17,000 psi. The transverse distribution curve 
(Fig. 42 (0)) shows a uniform scattering about the zero 
line. 

Figure 43 shows the distribution for the 30,000 psi. 
average load which was unloaded by 15% to 25,500 psi. 
average. The specimen was unloaded again with the 
thought that there was plastic flow at the notch bottom, 
and the relief of a portion of the load would prevent 
creep. The curves show a uniform stress distribution in 
the case of the longitudinal stresses, and again no lateral 
stress. The X-ray measurements yielded an average 
stress of 22,000 psi., which is not sufficiently different 
from the applied average load of 25,500 psi. average to 
draw any definite conclusions, 

Since it was thought that plastic flow had occurred, 
the specimen was unloaded entirely after having been 
subjected to an average stress of 30,000 psi., and residual 
stress determinations were made (Fig. 45). No residual 
stress exceeding the accuracy of the method was found. 
The scattering might be attributed to experimental 
error, or to slight residual stresses. introduced in the 
process of making the specimen. 

It was desired to have the highest load exceed the 
yield strength of the material, but the difficulties of pro- 
ducing sufficient strain to cause appreciable strain 
hardening prohibited loading the specimen to the desired 
load, The specimen was loaded to 50,400 psi. average, 
then unloaded 15% to 41,400 psi. average. Figure 44 
shows the distribution curves that resulted. Again no 
stress peak or lateral stress was apparent. The X-ray 
measurements yielded an average stress of 39,000 psi., 
which did not sufficiently differ from the applied average 
stress of 41,400 psi. average to permit the formation of 
any definite conclusion. 

Residual stress determinations for this load (Fig. 46) 
also yielded scattering along the zero line. 


X-RAY DETERMINATION OF RESIDUAL STRESSES 
IN A BUTT-WELDED SAE X-4130 STEEL TUBING 


Previous History 


The X-ray diffraction method of stress determination 
would seem to possess unique advantages when applied to 
the study of residual stresses in welded structures. For 
this reason a study of a welded tube was undertaken, in 
“onnection with the present report, in order to study the 
merits and possibilities of the X-ray method as applied 
‘o Welds in aircraft materials in particular. 

In relation to welds, the X-ray method has the inherent 
aivantage of using a small gage length, of being non- 
eve and of providing a convenient method of de- 
‘mining the complete stress state. Since it is well 
oe that the residual stress state in and near a weld is 
: aracterized by large stress gradients, the first feature 
2 Sonic importance in determining the effect, which is 

Own as yet, of residual stress on weld strength. 
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Since mechanical methods for the determination of 
residual stress necessarily involve the removal of ma- 
terial, which may greatly alter the stress picture where 
steep stress gradients exist, the nondestructive feature 
of the X-ray method is an important advantage even for 
experimental work, and especially for possible routine 
use of the method. Finally, mechanical methods gen- 
erally will not lead to the determination of the complete 
stress state. 

The problem of weld stresses has attracted many in- 
vestigators resulting in a large amount of information 
on this subject.4 However, only few attempts have 
been made to derive, from experimentation or theory, a 
general and accurate pattern of stress distribution in a 
particular assembly. The conclusion can be drawn from 
the previous work that the stress state in a welded struc- 
ture, particularly in the most frequently investigated 
structure, welded plate, is very involved and not readily 
explained. 

It may be expected that the residual stresses in a 
welded structure will follow some general pattern de- 
pending upon the geometry of the welded pieces, but 
that local fluctuations will be superimposed on this pat- 
tern. In order to keep the general pattern of residual 
stress as simple as possible, the cylindrical geometry of 
thin-walled, butt-welded tubes was chosen. 

Previous investigations of various types have been 
carried out in this laboratory on such welded tubes of the 
same material. These investigations have resulted in 
the collection of data on the microstructures found in the 
weld and base materials, the hardness values in the same 
regions and data on the average circumferential stress at 
different sections of the tube as obtained by a mechanical 
method, The data of Sachs and Graham” on the resid- 
ual circumferential stress (Fig. 48) confirm the general 
conception of the development of residual stress in a 
welded structure. The welded bead, being the hottest 
part, tends to contract more than the parent metal. 
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This contraction introduces circumferential tension in 
the deposited metal. This tension is counterbalanced 
by compression in the base metal, in agreement with 
theoretical conception. The magnitude of this com- 
pression decreases with increasing distance from the 
weld, presumably according to a logarithmic function. 
A comparison of this stress distribution with macro- 
graphs (Fig. 49) shows that the residual stress in such an 
externally unrestrained weld is limited approximately to 
the heat-affected zones, that is, the regions that were 
heated above the critical range. Hardness results of 
Mastenbrook and Steffan'* showed considerable local 
variations in a circumferential section at the center line 
of the weld. These variations were not so pronounced in 
sections removed from the center of the weld. The aver- 
age hardness along an element of the tube (Fig. 50) 
showed a minimum of 82 Rockwell B in the weld metal. 
The hardness rose to a maximum of 105 Rockwell B at a 
distance of '/, in. from the weld. From this value, the 
hardness decreased to 87 Rockwell B at */, in. and finally 
increased again to a value of 100 Rockwell B at 1'/ in. 
from the weld, in the base alloy steel. The microstruc- 
ture of the butt-welded tube (Fig. 51) was found by the 
same authors to be a Widmanstatten structure of varying 
grain size at the certer of the weld, which changed 
gradually with increasing distance from the weld through 
a coarse-grained to a fine-grained normalized structure, 
then to a recrystallization structure and eventually to 
that of the parent metal. 


Material and Procedure 


Material and Preparation of Specimen 


Commercial SAE X-4130 steel tubing, 1*/, in. outside 
diameter and 0.084 in. wall thickness was supplied for the 
investigation by the Ohio Seamless Tube Co. This 
steel, in the as-received condition, had an ultimate 
strength of approximately 110,000 psi., a yield strength 
of 90,000 psi. and an elongation of 15%. The tubing 
was stress relieved, and the absence of residual stress was 
determined by the split-ring method." 

Pieces 6 in. in length were cut from the tubing and end- 
faced on a lathe. Two such pieces were butt-welded by 
the oxyacetylene process in the production line of a com- 
pany producing aircraft parts and accustomed to welding 
such material. Welding rod of SAE 1006 steel '/s in. in 
diameter was used. The welds were tacked on opposite 
sides. The welding was started between the two tacks 
and was then made continuous. Thus the warpage was 
maintained at a minimum. The specimens were only 
locally preheated with the torch, and after welding were 
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allowed to cool in air, then sandblasted to remove the 
scale. 

The tubular specimen was then machined inside and 
outside to a truly cylindrical shape. By this procedure 
the wall thickness was reduced from 0.084 to 0.050 in. 
average thickness, the original thickness of the welded 
bead being '/s in. A circumferential gage line was 
scribed around the tube at one end fo serve as a longi- 
tudinal reference line. Similarly, longitudinal gage 
lines were scribed at one end, at intervals of 5° on the 
circumference to serve as reference lines for the circum- 
ferential “‘position”’ of the points of measurement. 

The scale was carefully pickled off a considerable area 
around the tube in the vicinity of the weld. The cleaned 
area was then covered with an extremely thin coat of 
lacquer to prevent subsequent rusting. 


X-Ray Technique 


In order to obtain precise lattice parameter values, 
it is necessary to apply some calibration material of 
known lattice parameter to the surface of the specimen. 
The material used was Mallinckrodt silver metal, pre- 
cipitated analytical reagent grade. This powder was 
sprinkled on a long strip of Scotch tape and then brushed 
to a uniform layer with a camel’s hair brush. In the 
process, all excess powder not adhering to the tape was 
brushed off. The Scotch tape was then attached to the 
weld with thinned lacquer. 

For a complete stress determination, at each selected 
point on the surface, diffraction patterns with the incident 
beam making a number of different angles with the 
normal to the surface are required. The directions 
shown in Fig. 52 were chosen, corresponding to method 
G-1-A of reference 1. The longitudinal stress is ceter- 
mined by a normal picture and a picture taken in the 
direction L (Fig. 52) with the incident beam in the plane 
defined by the normal N and the tube axis A and at +) 
with the normal. The transverse, or circumferential, 
stress is determined from a normal picture and am ther 
picture in the direction C (Fig. 52) taken with the ict 
dent beam in the plane normal to the tube axis but with 
the beam making an angle of 45° with the surtace ' rial 
at the point in question. In order to make a compl 7" 
stress determination, still another pattern 1s necessary: 
preferably one making an angle of 45° with the ete 
and such that the projection of the incident beam «" the 
tangent plane also makes an angle of 45° with the similar 
projections of the C and L beams. ae 

A goniometer was constructed to hold the welded = - 
in position on the X-ray tube table. This  ceaerepen 
(Fig. 53) allowed two translational and two es 
degrees of freedom, and a third translational on fed 
freedom was available by shimming the tube to i!'cre 
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heights on the table. This combination of motions 
enabled any spot in the tube to be X-rays at any angle, 
although the actual computation of the necessary co- 
ordinates Was in some cases tedious. 

The X-ray camera used was a Sachs back-reflection 
camera equipped with a device for rocking or rotating 
the film (see Figs. 16 and 53). 

The collimation system was set up to obtain the focus- 
ing condition for a normal picture and the same setup 
was also used for the oblique pictures. A focusing pin- 
hole 0.040 in. in diameter was used with a front pinhole 
0,080 in. in diameter. The combination produced an 
X-ray spot on the surface of the tubing’ 0.10 in. in di- 
ameter. 

A General Electric X-ray tube with Lindemann glass 
windows and a cobalt target was employed. The tube 
was operated at 35 kv. and 10 milliamp. Exposures 
were hr. 

The patterns were measured on a visual comparator 
having a least count of 0.02 mm. 

The first step in the stress analysis of the welded tube 
was to determine at what points in and near the weld 
significant X-ray measurements could be made, and 
where they were impossible because of the unfavorable 
condition of the metal. For this purpose a series of pat- 
terns was taken on the center line of the weld at 5° inter- 
vals completely around the weld. Furthermore, a series 
of patterns was taken across the weld at several circum- 
ferential positions. These patterns were all normal pat- 
tens and were made with complete rotation of the film. 

The 72 normal patterns ‘taken at 5° intervals around 
the circumference on the center line of the weld were then 
measured, and lattice parameters were computed by the 


methods outlined in reference 1. The measurement was 
necessarily of poor precision in the frequent cases where 
the diffraction lines were broad. However, a measure- 
ment of sorts was obtained. Repeated measurements on 
different patterns showed that the maximum error in 
lattice parameter was about 0.0002 Angstrom unit. This 
is greater than the maximum error which occurs when 
“sharp line’ diffraction patterns are measured. 

From the lattice parameter @ measured on a normal 
pattern taken under full rotation, the sum of the principal 
stresses can be computed using the expression: 


(& — as) = 36.2 — a) X 10° psi. 
where 
E = 29 X 10° psi. 


0.28 
2.86100 Angstrom units 


This expression is approximate, being subject to a 5% 
correction because of the fact that the parameter a is not 
the true normal parameter. The expression is accurate 
enough, however, in view of the over-all precision of the 
measurements in this particular case. Using this rela- 
tion, the sum of the principal stresses was computed 
under the assumption that the lattice parameter do of the 
stress-free material was 2.86100. This assumption is 
reasonable, since the material in the weld (SAE 1006 
steel) contained no alloying elements except carbon, 
which has a negligible effect on the lattice parameter. 
Further, the sum obtained in this way agreed with that 
obtained by adding the longitudinal and circumferential 
stresses, wherever they were obtained individually. 
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Fig. 59—Magnitude and Direction of the Principal Stresses at Various Points Along One Portion of the 
Center Line of the Weld 


In a circumferential region at the center of the weld 
(positions 125 to 160°) longitudinal and transverse 45° 
pictures were taken in order to determine the longitudinal 
and circumferential stresses. The pictures were taken 
with +15° rotation of the film. This was necessary to 
smooth out the slight spottiness of the silver lines; the 
irom lines were in no cases spotty. In the oblique films 
the diameter of the film normal to the plane of incidence 
was used. The films were measured in a manner identi- 
cal with that in which the normal pictures were meas- 
ured. The resulting parameters a, or a, may be used 
in the expressions: 


S E (a, a) 
+ v)ao sin? 45° 
E (a, — @) 


(1 + v)ao sin? 45° 


to compute the respective stresses. 


These equations 
reduce to: 


Sr 15.4 x 10°(a, a) 
Se = 15.4 X 108(a, — 4) 


using the same constants as before. 

Two positions, 60 and 275°, were chosen to investigate 
the situation across the weld. Normal, longitudinal and 
transverse patterns were made across the weld on these 
two longitudinal elements, at 0.05-in. intervals. The 
investigation extended 0.15 in. on one side of the esti- 
mated center line and 0.20 in. on the other, being stopped 
in each case by the previously mentioned metal condi- 
tion. Parameters were calculated and stresses com- 
puted in the manner just described. 


Experimental Results 


There has been considerable previous work on welded 
parts using the X-ray diffraction method.' This work 
has been concerned entirely with plain, low-carbon steels; 
however, this material is of little interest in the aircraft 
industry. The present investigation, on the contrary, 
has been concerned with a chrome-moly steel (SAE X- 
4130), which is one of the principal aircraft metals. This 
is mentioned now because the results of the investigation 
show that the type of material concerned plays a very 
important part as to the usefulness of the method. 
While previous investigators have been able to report 
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favorable results of X-ray stress measurements on plain- 
carbon steels, in the present investigation it was found 
impossible to determine stresses in the base material, 
the alloy steel, by any of the methods applied. This 
result is due to the condition of the metal. 

It was possible, however, to make accurate determina- 
tions in restricted regions of the weld metal, and to this 
extent only the X-ray method has proved successful, 
yielding some new information on the stress conditions in 
welded structures. 


Metallurgical Conditions 


In order to make accurate stress measurements, any 
steel to be investigated must be in a suitable metallurgical 
condition. This, in turn,- depends mainly upon the 
response of the particular steel to the heating and cooling 
cycle at any point of the weldment during and after the 
welding. 

A welded steel part consists fundamentally of four 
structurally distinct regions: 


1. The weld proper, possessing a cast structure. 

2. The adjacent region which has been heated to 4 
temperature above the critical temperature of 
the particular steel and cooled comparatively 
rapidly. . 

3. The region heated below the critical but above the 
stress-relieving temperature of the steel. __ 

4. The region practically unaffected by the welding 
process. 


If a weldment is not restrained, such as in tlus 1 
vestigation, weld stresses are restricted to the weld propet 
and to the adjacent metal, regions (1) and (2), acc ding 
to previous investigations. In the case of a restrained 
weldment, long-range residual stress may be developed 
also in the metal farther from the weld bead.* 

Of the two regions of the investigated tube presumably 
containing residual stress, only the weld bead _o 
(1)) was found to yield X-ray diffraction patter™s — 
permitted a stress measurement by the selected ™\ thot. 
The patterns showed the K,-doublet in varying »!1] 


ness, ranging from clearly separated K, and K; lines to4 
rather broad line with a single maximum. breadth 
A semiquantitative method of specifying the bri Ye 


of the diffraction lines was adopted for conve = 
The films were rated on a 1-to-6 basis, 1 being th > ag 
extreme and 6 the poor extreme (Fig. 54). Rows’! 
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“Table 4—Longitudinal and Circumferential Stresses at 


Various Positions Across the Weld (Along the Length of 


the Tube) 
[Distance | 8,- | | 8, + =| 8 + 
from Center | -(from normal | 
|Line of Weld | 1000 psi | 1000 psi | §, + S. exposure) = 
Inches | 1000 psi 1000 psi 
At the 60° Position of Circumference | 
- 5* -14* -19* -35* | 
-.05 -14 -3 -17 -28 | 
0 -2 +5 +7 
+.05 -1 +3 +2 +2 
|, 19 - 8 -1 -9 -4 | 
: -10 - 5 -15 -26 
+,20 +12 +34* +27% 
as At the 275" Position of Circumference 
-32.6 -11.6 -40 
-.10 -39.8 - 8.9 -48.7 -42 
| -.05 42.5 41 -46.6 | -40 
0 ~15.4 - 4.5 -19.9 -16 
+95 - 6.0 - 2.0 - 8.9 - 8 
+,19 - 6.8 - 4.0 -10.° -11 
| +,15 - 3.4 - 4.5 -7.9 |-8 
| +-20 _= 5.0 - 6.5 9.5 - 5 


*doubtful - large rating 


rating 1 was assigned to a line of the doublet was resolved 
distinctly. The rating 6 corresponded to a line so broad 
as to raise the question if it were indeed present. In this 
investigation, lines rated as 1 to 3 could be measured 
with a good accuracy, while some measurements of 
doubtful accuracy were made on lines of poorer accuracy. 
Approximately 50% of the circumference of the weld 
bead was rated 3 or better, and 50% was 4 or worse (see 
Fig. 58). 

Thus, even the low-carbon steel of the weld proper was 
distorted during the welding procedure to such an extent 
that the accuracy of X-ray stress measurements is seri- 
ously impaired in a considérable portion of the bead. 

Some further difficulties resulted from the large grain 
size of some surface areas of the welded bead, which did 
not yield uniform diffraction lines even when the film was 
rocked, but resulted in streaks within the K,-doublet.'"” 
However, this applied only to a few exposures. One out 
ol approximately 200 films was impossible to measure 
because of this difficulty. In all other cases, rocking of 
the film during exposure produced measurable lines. 

In all cases the metal adjacent to the weld yielded X- 
fay patterns composed of such broad, diffuse lines that 
Stress determinations by the method applied were not 
Successiul. It is possible that some method might be 
applied, which, however, would be extremely tedious and 
ume consuming."* The change along two selected 
elements is shown in Fig. 55, in which the ratings are 
plotted for a number of films, illustrating the previously 
discussed variations of the metallurgical condition. If 
“\posures are taken a certain distance away from the 
Welded bead (in region (3)), the heating has been suffi- 
“eit to remove the effects due to cold work, but not 
Sullicient to cause effects by cooling from above the 
‘riteal, and sharp diffraction lines are obtained. 


Stresses A, ross the Weld 


toe, Shanges of the longitudinal and circumferential 
at 60 a 2 ross the weld were determined for two elements 
tak md 275" (Table 4 and Fig. 56). Exposures were 

“in intervals of 0.05 in. on both sides of the visual 
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center of the weld. The width of the weld proper, as 
apparent to the eye after machining and etching, was 
approximately 0.30 in. However, width and position of 
the weld vary for different points around the tube, and 
consequently the assumed center line has no physical 
significance. Furthermore, it is clearly recognized from 
Fig. 56 that the stress state is not symmetrical about the 
assumed center line or about any other possible position 
of a center line. A suggestion of symmetry can be seen 
in the readings for the 60° position but none for the 275° 
position. 

Both the longitudinal and transverse stresses change 
with the position across the weld. Apparently the stress 
pattern is characterized by a fairly slow change of the 
stress, as compared with the rapid fluctuations around 
the tube, as will be discussed later. 

However, a displacement of the point of exposure by 
0.05 in. might cause in some cases a change of one of the 
stresses of as much as 30,000 to 40,000 psi. 


Longitudinal and Circumferential Stresses Around the Tube 


Figure 57 shows that accurately measurable X-ray 
patterns were restricted to two large and several small 
regions around the tube. 

The two large regions were selected for the measure- 
ment of both the longitudinal and circumferential stresses 
in intervals of 5° along the center line of the weld. In 
addition, such stress measurements were made also for 
each interval of 45°. The results are represented in 
Table 5 and Fig. 58, showing what regions yielded 
accurately measurable films. 

No attempt was made to draw trend lines through the 
experimental points in Fig. 58. The individual points 
would deviate from any possible trend line by as much as 
+10,000 psi. These variations exceed the presumable 
accuracy of the stress measurement by two to three 
times. 

As the accuracy of locating a desired part is estimated 
to be considerably better than 0.0005 in., these variations 
can be explained only as actual fluctuations of the resid- 
ual stress in the welded bead. Consequently, in order 
to obtain a fairly complete stress pattern around the 
tube, exposures must be taken in very small intervals, 
say of 0.010 in. along the circumference. To do this, the 
technique used in the present investigation would have 
to be changed, the width of the exposed area being too 
large in relation to the expected frequency of the fluctu- 
ations. 


Table §—Longitudinal and Circumferential Stresses at 
Various Positions Around the Center Line of the Weld 


Degrees 1000 psi 1000 psi | = 5) + 5s exposure - 1000 psi 
1000 psi Ibservenr Observer 2 

15 + 3 +20 +23 +27 + 4 

20 +10 +15 +22 +28 +18 

25 - 2 +4 + § +19 +1 

30 +92 +7 +16 #23 + 

35 +9 +2 +11 +18 

4 - 3 +9 +6 +11 +27 
i 45 + 6 | +11 +17 + 6 +4 

50 -15 +4 -11 0 ) 

55 + 3 +19 | +02 +18 +1 

60 -2 +7 | + 5 +7 + § 

65 -18 +10 - 8 +12 +1 

105 + 6 +25 +31 +25 +18 

125 +1 +2 +2 - 2 - 3 

130 +6 +8 | +14 +13 -4 

135 + 3 0 + 3 

140 - 2 +12 +9 | +3 | -31 

145 -17 +4 -13 = | 

150* -20 - 5 -25 -37 | =27 

8 -15 - 5 -20 -24 

155 -18 -14 -32 -31 -27 

160 -10 - 3 -13 -22 -25 | 
195 +13 +30 +42 +45 +40 

240 +9 -14 - 5 +3 -18 

85 -18 + 2 -16 =21 

330 | -17 +1 -16 | -12 +2 


*Two independent exposures taken 
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The slightly reduced scattering in the range of 125 to 
160° in comparison with that in the range 15 to 65° can 
be attributed to two factors. First, the rating of the 
lines was better, and second, the film measurements were 
repeated several times in order to improve the accuracy. 
However, since these measures caused only a slight 
reduction of the fluctuations, the fluctuations were con- 
sidered as real. 

Neither the longitudinal nor the circumferential stress 
shows an average which is either definitely tension or 
definitely compression. From the thermal conditions 
of welding, a considerable average tension in the circum- 
ferential direction should be expected in the welded bead, 
while the average longitudinal stress should be zero. 
The determined surface stresses certainly do not offer 
any confirmation of this expectation. 


Sum of Principal Stresses 


In many X-ray investigations, only one exposure, per- 
pendicular to the surface at each point, was made, and 
the sum of the two principal stresses S, + S: in the sur- 
face was determined. Such a procedure assumes the 
knowledge of the stress-free lattice parameter do. 

On the contrary, three exposures made at each point 
permit the calculation of the stress-free lattice parameter 
do at this point, as well as two stresses in the surface, 
according to the following equation: 


a = + 5.) 


The stress-free parameters were calculated for all 
points where the longitudinal and circumferential stresses 
were measured. The values (Table 6) vary to a con- 
siderable extent, the average value being 2.86110 = 
0.00020 Angstrom units; and some values deviate as 
much as +0.0004 Angstrom unit from this average. 
This accuracy is as good as can be expected, even for 
regular determinations of lattice parameters by the back- 
reflection method.’ Consequently, it cannot be decided 
whether the variations are caused by random errors or 
possibly by differences in the steel composition. This 
second explanation is suggested by the fact (apparent 
from Table 3) that within any one restricted interval the 
values agree considerably better than the values from 
different intervals. 


Table 6—Stress-Free Lattice Parameters at Various 
Points Across and Around the Weld 


| Around the Weld | Across the Weld at the 275 Postion 


T 
\Angular 

Position 
[Degrees 


Lattice 
Parageter 
-A 


Lattice 


| Distance from 
Parageter 
A 


Center Line of 
Weld - Inches 


2.86101 
2.86095 
2.86086 
2.86092 
2.86093 
2.86097 
2.86138 
2.86083 
2.86119 
2.86105 
2.86059) 


2.86079 
2.86101 
£.86103 
2.86104 
2.86111 
2.86112 
2.86112 
2.86100 


2.86093 average 


Across the Weld at the 60° Position 


2.66124 


2.86123 
2.86113 
2.86117 
2.86124 
2.86131 
2.86141 
2.86121 
2.86106 
2.86132 


2.86106 
2.86075 
2.86123 
2.86100 


-.10 2.86149 
-.05 2.86137 

00 2.86105 
+,05 2.86109 
+.10 2.86098 
+.15 2.86148 
+.20 2.86127 


2.86123 average 
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Table 7—Principal Stress Sum at Various Positions 


Around the Center Line of the Weld 


1000 psi | Anguler 
Position 


|Angular 

|Position 

| irs Second 
alue 


|Degrees Value Degrees 


180 


It might be assumed that by making a single exposure 
perpendicular to the surface, the sum of the principal 
stresses can be measured with sufficient accuracy, when 
the stress-free lattice parameter is taken as 2.86100 
Angstrom units. A large number of such X-ray patterns 
were taken, therefore, and the sum of the principal 
stresses determined (Table 7 and Fig. 58). 

However, the sum of the principal stresses S, + S:, ob- 
tained in this manner, is not the same as that determined 
by addition of the longitudinal and circumferential 
stresses S, + So = S; + S2 without using the stress-free 
lattice parameter (Fig. 58). The values determined by 
the two methods agree comparatively well, considering 
the uncertainty regarding the stress-free parameter an¢ 
the difficulty of reproducing the exposed area in two inde- 
pendent series of tests. The deviations from a trend line 
can be kept below approximately +10,000 psi. It 1 
apparent from these results that the single exposure 
method does not yield sufficiently accurate and luci 
stress values. 

The sum of the principal stresses (Fig. 58) again illus- 
trates the rapid fluctuations of the stress state around the 
tube. No correlation is apparent between the surlace 
stresses and the mechanism of the welding process. 


Individual Principal Stresses 


)- 


Utilizing independently the two sides of each film b- 
tained in the two oblique directions, four values o! latuce 
parameter are obtained which permit the determunatio! 
of the magnitude and direction of the two pmncps 


stresses (see reference 1, method G4). This m thod ’ 
not very accurate, and the following results (ass« mbled 3 
Fig. 59 and Table 8) are therefore open to considerable 
argument. The measurements were restricte® 
region, 125 to 160°, which yielded readily ysurabie 
films. 

Regarding the directions of the principal str 
59 (a) shows that they scatter irregularly 
longitudinal and transverse directions. The ¥ 
these angles is very limited and consequently te res 
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5s, +5 1900 i| 
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First | Secor lPos 
Sen Value - | Value 
0.0 185 | -18.0 | 
| 10 42.5 190 | -39.0 
aE } 15 + 4.0 195 | +40.0 | +40.0 1130 
20 +18.0 200 -16.0 | 
| 25 +18.0 | 205 -~9.0 
| 30 +25.0 210 255 
40 #27.5 | +23.0 220 - 9.0 -13.0 /140 
| 45 +40.0 | +40.0 225 | <81.0 
5 0.0 | 9.0 £30 -18.0 
| 55 +12.0 235 -12.0 | 
ce, ae | 60 + 5.0 240 -18.0 150 
| 65 +10.0 245 0.0 | 
-23.5 250 -14.0 | 155 
ee | 80 - 7.0 260 -14.0 | |160 
85 0.0 265 “31.0 | seat 
Oia | 90 +12.0 270 -26.5 | 
95 +31.0 275 -20.0 | 
ita | 100 +41.5 280 -36.0 | 
| 105 418.0 | 285 -40.0 | 
| 110 0.0 290 -16.0 | 
nee | 115 0.0 | 295 -4.5 | 
tose | 120 - 1.0 300 -50.0 | 
"| 125 - 2.0 305 | -40.0 | 
| 130 - 4.0 310 -18.0 | 
een | 135 -40.0 40.0 315 -16.0 
| 140 -31.0 -36.0 320 -14.0 | 
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“Table 8—Magnitude and Direction of the Principal 
Stresses at Various Points Along One" Portion of the 
Center Line of the Weld 


angular 85 Angle from 
\Position to 
1000 psi 1000 psi 

\Degrees Degrees 
1125 + 3,000 Oo 48 
1139 +25,000 -10,000 133 
l135 + 8,000 - 6,000 39 

1140 +16 ,000 - 7,000 71 
1145 +11,000 -24,000 66 
- 2,000 -22,000 106 
-11,000 -21,000 59 
160 - 2,000 -12,000 72 


cannot be taken as a proof either that the principal direc- 
tions coincide approximately or diverge considerably 
from the longitudinal and circumferential directions. 

The principal stresses (Fig. 59 (6)) differ from the 
longitudinal and circumferential stresses (Fig. 59 (c)) but 
not to a sufficient extent to warrant any other conclusion 
but that the longitudinal and circumferential stresses are 
the principal stresses. The distribution of the one 
principal stress S, over the investigated range agrees 
with that of the circumferential stress S,, and the dis- 
tribution of the other principal stress S, corresponds to 
that of the longitudinal stress S;,. 

A more accurate X-ray stress measurement method 
must be used to obtain more decisive information regard- 
ing the magnitude and, in particular, the directions of 
the principal stresses. 


CONCLUSIONS 


Measurements by means of X-ray diffraction tech- 
niques of the principal stresses in flat-notched tensile bars 
of SAE X-4130 steel and 24S-T aluminum alloy have 
(demonstrated the following: 

|. X-ray diffraction methods can be used to deter- 
mine surface stresses in metals in which the stress 
gradients are not steep, provided the condition of the 
metal is suitable. Measurement of stresses in the in- 
terior of a metal is not possible at present except by in- 
lerence from the surface stresses. The measurement of 
highly localized stresses cannot be achieved by X-ray 
diffraction without extensive experimental precautions. 

2. The longitudinal stress in a flat-notched specimen 
was lound to be in agreement with the results of previous 
theoretical and photoelastic investigations so long as the 
metal was elastically strained. The changes of longi- 
tudinal Stress have been determined for the range in 
‘tess in which the notched section becomes progres- 
‘ively plastic. These stress changes were found to con- 
irm previously developed theories. 

». In the range of elastic stress, the ratio of the aver- 
age transverse to longitudinal stresses was found to be 


dependent of stress but varied with the degree of notch- 
ing, 


4. 


and 


When the average stress exceeds the elastic range 
uC progressive plastic flow occurs without further in- 
eae load, the stress distribution changes gradually 
at ody yielding, the change being of the same type as 
4. caused by partial unloading. It was further noted 

at Surface stress does not increase as rapidly as the 


Stress j i 
ess in the interior when the average stress is beyond 
elastic ran ge. 


Attempts to determine the residual stresses in a butt- 
welded joint in SAE X-4130 steel tubing by means of X- 
ray diffraction showed that: 


(a) The residual stresses present in a structure welded 
from the alloy steel SAE X-4130 cannot be measured in 
the regions of the parent metal, affected by the heat. 
These heat-affected regions presumably contain large 
residual stresses. 

(6) Only if the weld bead is made from low-carbon 
steel can accurate stress measurements be made in the 
bead. However, the structure of the deposited metal 
varies considerably; and some parts may be in such a 
condition that the accuracy of the measurements becomes 
very small. 

(c) Large variations of the surface stresses in both the 
longitudinal and circumferential directions were ob- 
served, both around the weld and across the weld. 

(d) In the longitudinal direction, the highest stress 
values measured were 12,000 psi. in tension and 20,000 
psi. in compression. The average stress was a small 
compressive stress. As the butt-welded tubing is not 
restrained in the longitudinal direction, little longitudinal 
stress was expected. 

(e) In the circumferential direction, the highest stress 
values measured were 30,000 psi. in tension and 15,000 
psi. in compression. The average stress was approxi- 
mately 6000 psi. in tension. This corresponds to the 
value expected from previous measurements by mechani- 
cal methods. The low magnitude of the peak values of 
stress may possibly be explained by the machining opera- 
tion which relieves the surface stress somewhat; the low 
magnitude of the average stress may be explained by the 

fluctuations of stress and the limitation that no residual 
stress should exceed the yield strength of the metal. 

(f) This investigation reveals a rather restricted appli- 
cability of the X-ray diffraction method for the measure- 
ment of residual stress in weldments. 
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Abstract 


The recent brittle failures of ships have 
emphasized the importance and need of a 
better understanding of the transition 
from a ductile to a brittle state in metals. 
Notched-bar specimens have been used ex- 
tensively in the laboratory to study the dif- 
ferent aspects of this phenomenon and 
have yielded sensitive and reproducible 
results in the study of the ductile-brittle 
transition temperatures. The data thus 
obtained, however, could not be directly 
applied in the design of structures or ma- 
chine parts. It has been the aim of the 
present investigation to find an equivalent 
notched bar that would exhibit the same 
transition temperature properties under 
identical deflection rates as a simple 
structure. This paper represents a pre- 
liminary step in correlating the action of 
notched bars and various types of struc- 
tures to obtain data of direct use to de- 
signers. The simple structure selected 
for this study is a thin circular disk, freely 
supported along its circumference and 
bent by a centrally applied load. A 
notched bar in simple bending was found 
which had identical transition tempera- 
tures at the same deflection velocities as 
the circular disk. It is considered that 
the same approach can be used in studies 
of the brittle temperature characteristics 
of many more complicated structures. 


Introduction 


HE notched bar has proved to be a 
very effective device for studying the 
transition from ductile to brittle fracture 
in metals, particularly in the case of fer- 
ritic steels. The standard Charpy or Izod 
impact test has yielded valuable infor- 
mation on the energy absorbed to frac- 
ture as a function of testing temperature 
or as a function of the metallurgical state 
of the metal. These tests are performed 
under a fixed condition of constraint with 
uncontrolled strain rates, however, and it 
has always been difficult to correlate the 
results from such impact tests with the be- 
havior of a structure or machine part hav- 
ing a different constraint or shape and 
subjected in service to a different strain 
rate. The consequence of this is that the 
designer has never been able to use directly 
any of the information obtained from the 
standard notched-bar impact tests. 
Investigators have felt for some time 
that it would be very desirable to have 
some correlation between notched bars and 
* The results reported in this paper have been 
excerpted from a thesis submitted by Nicholas 
Grossman on Sept. 3, 1946, in partial fulfillment 
of the requirements for S.M. degree in the De- 
partment of Mechanical Engineering. 
+ Department of Mechanical Engineering, 


Massachusetts Institute of Technology, Cam- 
bridge 39, Mass. 


Correlated Brittle Fracture Studies of 
Notched Bars and Simple Structures 


By C. W. MacGregor', N. Grossmant and P. R. Shepler‘ 


structural shapes or weldments, particu- 
larly in the study of the transition region 
between ductile and brittle failures. If it 
would be possible to substitute a notched 
bar of proper proportions for each of the 
more common structural shapes or ma- 
chine parts, at least as far as the transition 
to brittle fracture is concerned, practical 
information would be secured from 
notched-bar tests which would be of direct 
use to the designer. If such a substitution 
is possible, means would thus be provided 
to study the transition to brittle fracture 
of almost any other structural shape or 
weldment through the use of an equivalent 
notched bar. Tests could thus be carried 
out much more economically. 

It is the purpose of this investigation to 
show the feasibility of obtaining a notched 
bar that would have the same ductile to 
brittle transition temperature character- 
istics as another structure of entirely differ- 
ent shape but of the same material and for 
the same deflection velocity.+ The struc- 
ture selected for this study is a thin circu- 
lar disk simply supported on the edges and 
bent by a centrally applied force. The 
investigation is thus limited in scope to a 
correlation of the results of a notched bar 
and a circular disk (for which the state of 
stress is biaxial tension at the center), and 
from this standpoint it should be con- 
sidered as preliminary in the general prob- 
lem of notched-bar-structure equivalence 
for brittle fracture. It is believed, how- 
ever, that similar correlations may be 
obtained for other structures. 


Important Factors in Brittleness 


Materials are often rather vaguely 
classified as either ductile or brittle. To 
describe the state of a material correctly, 
one should designate the material as being 
in the ductile or in the brittle state. The 
difference between the two types of notions 
becomes evident if one thinks of ordinarily 
ductile steel manifesting brittle rupture or 
of marble deforming plastically under 
proper conditions‘’:*. Thus, it is seen 
that a material may be made ductile or 
brittle by choosing the proper mechanical 
conditions under which it is tested. 

The independent factors determining 
ductile or brittle behavior are: 

t Because of its simplicity, correlations in this 
paper are based on equality of deflection rates 
rather than on strain rates. These are propor- 
tional for brittle fracture and calculations indicate 
that for these tests maintaining equality of de- 
flection rates provides a close enough equality of 
strain rates so as not to influence the results 
appreciably. In correlations between notched 
bars and other structures, however, deflection 


rates may have to be so chosen that the strain 
rates are equal in the two cases. 
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Fig. 1—Effect of Temperature, Rate o! 
Loading and Transverse Stresses on the 
Type of Failure { 


1. Material. 

2. Testing temperature. 

3. Velocity of deformation. 

4. Constraint or the relation of the 
three principal stresses. 


The material factor includes chemical 


and metallurgical composition. Past bis 
tory and heat treatment are then a gin of 
the material factor. The testing te" 
perature and velocity of deformation are 
self-explanatory terms. 

Constraint includes size effect, 
due to geometry, degree of triaxiailty 
notch and other stress concertrauv® 
effects, residual stresses, transve! rse stress 
and any other conditions producing 4° 
tain stress system at or in the ™ bor 


1 
ig! 


hood of fracture. Perhaps the Dest "™ 
to think of constraint is through some °°" 
bination of the three principal str 


» most 
It is the constraint factor that is the 
er 


difficult to evaluate. A complet: ner 
standing of the results of transition & 
perature studies depends upon «!! adequate 
definition and concept of this factor. : 
The qualitative relation between 
of rupture and temperature, veloc ae 
constraint taken one at a time with th 
other two abscissae factors kept 
is shown in Fig. 1. It is thus © vident ths ; 
if the temperature is lowered ith velocity 
and constraint kept constant, the ™ aterial 
first exhibits a ductile type of failure 3 
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Fig. 2—Photomicrographs of S.A.E. 1020 Steel Used in Tests 


large energy values, then goes through a 
transition region .and thereafter exhibits 
very little energy in brittle failure. It is 
further evident from the figure that by in- 
creasing the rate of load application with 
temperature and constraint held constant 
that this same change from ductile to 
brittle failure can be obtained. Thirdly, 
Fig. | shows that by increasing the trans- 
verse constraint with temperature and 
velocity held constant, the same change 


from ductile to brittle failure can be ob- 
tained, 


Quantitative Relation Between Velocity 
and Temperature 


There are quantitative expressions cor- 
relating deflection velocity and testing 
cuiperature. Recent studies through the 
Velocity modified temperature concept 5: ¢ 
— shown promise of the utility of this 
“Xpression through the entire temperature 
pra range, although further work 
ed beg verify this experimentally. 
on investigation all the tests 
below oes out in the elastic range well 
dition For this con- 
velocity Telationship between deflection 

ty and testing temperature is 


InVe=C— Q/RT 
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where V is the deflection velocity, C a ma 
terial constant, Q the heat of activation of 
the material, R the molal gas constant, 
and TJ the absolute temperature of testing. 
The derivation of this expression and its 
validity have been thoroughly covered in 
the literature.': 12 Thus, a 
straight line is obtained if the logarithm 
of the deflection velocity is plotted versus 
the reciprocal of the absolute temperature 
of testing. This property was utilized 
throughout the investigation. 


Material and Specimens Tested 


Circular disks 2/3. in. in diameter by 
$/1, in. thick and 1-in. square bars 6 in. 
long were machined from a 3-in. diam. hot- 
rolled S.A.E. 1020 mild steel bar of the fol- 
lowing chemical analysis: C, 0.22; Mn, 
0.44; P, 0.022; S, 0.030; Si, 0.17; Ni, Cr, 
Cu, Mo, Al, none found. 

Before the machining of the test speci- 
mens, the steel supplied was annealed at 
1650° F. for 2 hr. followed by a slow fur- 
nace cool. 

A hardness survey taken across the di- 
ameter of the bar is shown in Table 1. 

Photomicrographs prepared from repre- 
sentative sections in the longitudinal and 
transverse directions both in the as- 
received and annealed conditions are in- 
cluded in Fig. 2. 


Apparatus 


Figure 3 includes an over-all view of the 
load-deflection apparatus consisting of an 
Aminco low-temperature cabinet housing 
three load-deflection machines, an elec- 
tronic recorder and a variable speed drive. 
Figure 4 views the cabinet opened for the 
insertion of the specimens and also shows 
the electronic recorder. Figure 5 gives a 
close-up view of the interior of the test 
cabinet with disk support in place. The 
details of the disk support may,be seen in 


Fig. 3—Over-all View of Load-Deflection Apparatus 
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was carried out until the specimen failed 


Table 1—Hardness Survey with a very slight amount of yielding. |f 
the first test had show bri ai 
Distance from edge, in. 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50 2.75 Se ee ee 
an the procedure would have been reversed by 
Rockwell B, annealed 60 60 65 70 71 73 74 73 63 62 60 going tO a higher temperature. The ad- 


vantage of starting above the transition 
— —— temperature is that the same specimen can 
be used for several trials until final failure. 
A new specimen was then tested at the 
same speed but at a lower temperature to 


LOADING eliminate the possible effects of the cold 
SYSTEM ~. ‘ working of the probing specimen. This 

L.+D, THERMO- procedure was repeated until the transition 

GAGE COUPLE temperature was determined. The same 

ay SWITCH SYSTEMS technique was repeated at a slower speed 


and the corresponding transition tempera- 
ture was determined in a like manner. 

After obtaining two values for the transi- 
tion temperatures at two different speeds, 
the logarithm of the deflection velocity 
was plotted against the reciprocal of the 
absolute temperature, and a straight line 
was drawn through the two points as 
shown in Fig. 13. To verify this velocity- 
temperature relationship, to check the ac- 
curacy of the values obtained and, further, 
to justify the extrapolation of the curve, 
two additional tests were made. 


Determination of Notch in Bar to Duplicate 


Disk Results 
SPECIMEN As soon as the velocity-temperature re 
ut ‘n SECTION lationship for the disk had thus been 


established, the next step was to obtain a 
notched bar that would have the same 
velocity-temperature relationship. A | — 
in. square bar 6 in. long was selected for 
the test. The bar was freely supported on 
knife edges 5'/,. in. apart and loaded in 
central bending. The notch was in the 
middle of one side of the bar perpendicular 
to the axis of the bar. The load was ap- 
plied on the side opposite the notch. 
Based upon previous work at M.I.T.," 


CTD 
LEC TRONIC 


the first notch tried was somewhat better sa 
RECORDER — than guesswork. It was a semicircular 
The transition temperature was — 

Fig. 4—-Recorder and Open Test Cabinet at a deflection rate of 1.8 & 107! in./sec — 


Fig. 7. The apparatus for applying a cen- 
tral load to the notched bars is included in 
Fig. 6. Figures 5 and 6 show the load and 
deflection gages, the thermocouples and 
the means of introducing the liquid nitro- 
gen, which is used in conjunction with dry 
ice for cooling. The assembly drawing of 
the testing cabinet is presented in Fig. 8. 
Figure 9 shows the electrical connections 
between the panels of the electronic re- 
corder. Four type AB-7 SR-4 strain 
gages were used on each of the three load 
gages and each of the three deflectometers 
contained inside the cold box. 


Test Procedure for the Disks 


The disks were freely supported along 
the edges as seen in Figs. 7 and 10. The 
specimen was first cooled to a temperature 
that was expected to be slightly above the 
ductile-brittle transition temperature. A SUSPENDED 
centrally applied bending load was then CHANNEL "See 
imposed upon the disk. If the specimen 
yielded, it was still in the ductile region at 
the chosen speed. The test was then 
stopped and the same procedure was re- 
peated at a lower temperature, separate : 
records being obtained for each test. This Fig. 5—Close-up of Specimen Section with Disk Support in Place 
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Fig. 6—Close-up Specimen Section with Notched-Bar Support in Place 
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Fig. 8—Assembly Drawing of Testing Cabinet 
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Fig. 10—Sketch of Disk 
This proved to be too brittle because the i 
disk had a transition temperature of — 160° 
F. at the same deflection rate. The i 
second trial was a notch with !/,-in. radius 
and '/, in. deep. The transition tem- 
perature was found to be —165°F. The D 
final selection was a semicircular notch 
with '/,-in. radius and 7/i, in. deep as 
shown in Fig. 11. The transition tem- 
perature was found to be —160° F. as 
desired. r 
The experimental technique for the bars 
was identical with that for the disks. The ~ 
deflection rates from 1.8 107! DISCS USED USED BARS WITH NOTCHES 
in./sec. to 1.8 X 10~*in./sec. The corre- IN GENERAL TESTS TO TEST DI- ORIENTED AT RANDOM “ 
sponding transition temperatures ranged RECTIONAL 
from —160 to —225°#. EFFECTS. F 
Fig. 12—Relative Location of the Specimens in the 3-In. Steel Bar of 
Investigation of Influence of Disk 
Orientation { 
for 6 
All the disks used in the above study sions as those used above were prepared in latter case as compared to — = ite 
were cut perpendicularly to the axis of the such a way that the plane of the disk co- the disks cut out transversely. 7 nal in- 
bar. To investigate the effect of the di- incided with the direction of the rolling as tion of the fibers then had ouly 4 aut 0 
rection of rolling on the transition tem- seen in Fig. 12. The transition tem- fluence on the brittle transition °°" 
perature, a few disks of the same dimen- perature was found to be — 170° F. for the ture. 
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Fig. 13—-Velocity-Transition Temperature ‘ 
ductile and brittle behavior for a thin 


Relationship for Disk and Equivalent 
Notched Bar in Bending 


| 4 Results bending is a straight line on a log velocity 
The results of the investigation are vs. 1/T chart. The results also indicate 
shown in Fig. 13 plotted from the data of that a notched bar can be found that will 
od _ Table 2. The load-deflection curves are duplicate this velocity-temperature re- 
| | shown in Fig. 14. lation when it is of the same material as 
i | | 
i | Table 2—Summary of Data 
ue Specimen Tempera- Deflection, Time, Deflectom- 1/T 
No. Type ture, ° F. In. Sec. eter, In. /Sec 1/Abs. ° F. 
| 18 Disk — 160 0.0132 0.0724 0.1825 0.00338 
21 Disk —195 0.018 1.0 0.0180 0.00378 
15 Disk — 225 0.0186 12.4 0.00150 0.00426 
e _ 23 Disk — 238 0.018 51.0 0.000355 0.00450 
38 Bar — 160 0.0132 0. 072¢ 0.1825 0.0033: 
42 Bar —195 0.018 1.0 0.0180 0.00378 
40 Bar —225 0.018 11.4 0.00158 0.00423 
i m “70 238 a It can be seen that the velocity-tem- the disk. In Fig. 13 the open dots are for 


the disk specimens, the solid dot for the 
notched bar and the half-closed dot for 


freely supported circular disk in central coincidence of disk and bar. It is to be 
4000 
a 
4000 


‘ 4000 
determined by one ‘dot’ 

2) determined with stop watch; 

dots -itany- not equal 

; \/76 sec 
ea 
4 - 8) used for plotting 

0 Deflection 0.05" Deflection 00s” © — Deflection 006" 0 Deflection 006" 
Fig. 14—Load-Deflection Records of Representative Tests 
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noticed that in two out of three cases there 
is a coincidence and only a very small 
difference in the third case. 

The tests also indicate that in a properly 
selected and heat-treated steel there is 
very little directional effect on the transi- 
tion temperature. 

Typical fracture pictures of the disks 
and bars are presented in Fig. 15. It is 
interesting to note the radial cracks and 
the small number of fracture pieces. 
These were usually between 3 and 4 in 
number. 


Discussion 


This investigation is one step on the 
path of setting up a more orderly system 
for considering the question of brittleness 
and the factors involved. It has been 
clearly demonstrated that the constraint 
effect of a thin disk freely supported in 
central bending is the same as that exhib- 
ited by a bar with a carefully selected 
notch at the center and centrally loaded in 
bending. It has not, however, been 
claimed that the constraints of each system 
are exactly the same; it has merely been 
shown that the resulting effects of each of 
these constraints on the velocity-tem- 
perature characteristics for brittle fracture 
are equivalent. Since by constraint we 
mean a combination of the three principal 
stresses, it does not seem at all inconsistent 
that there should be various combinations 
of the three principal stresses that have the 
same over-all effect on the velocity-tem- 
perature relation. 

It would be desirable to give all those 
combinations of stresses that have the 
same constraint effect a certain value 
which might be called a ‘‘constraint in- 
dex.’’ This index might be fixed so as to 
be equal to 0 for the most ductile case of 
uniaxial tension and 1.00 for the most 
brittle case which is probably triaxial ten- 
sion. After considerable work is carried 
out to rate each particular structural shape 
or weldment by such a constraint index, 
the designer would consult the log V vs. 
1/T chart for the material used at the par- 
ticular value of constraint index. On 
these charts, V and T would be the strain 
rate and absolute temperature experienced 
by the structure or part in service. For 
each material there would be required a 
series of log V — 1/T charts for selected 
values of the constraint index, say, 0, 0.1, 
0.2,...1.0. Such a system would involve 
a considerable amount of work in rating 
either by analysis or by experiment numer- 
ous common structural shapes and weld- 
ments. When such had been determined 
and the series of constraint charts had been 
prepared for the common materials, the 
use of the proper materials for each con- 
dition of service should then become rou- 
tine practice. 

An example may illustrate the manner 
in which a designer would use these charts. 
The design calls for a certain size I-beam 
of S.A.E. 1020 mild steel. Let us assume 
that the ‘‘constraint index”’ for this I-beam 
as used in the structure is 0.2. Suppose 
also it is not expected that speeds of load- 
ing in service will exceed 0.1 in./sec. The 
designer then selects the 0.2 constraint in- 
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Fig. 15—Fracture Pictures 


dex curve for this material and determines 
the transition temperature corresponding 
to 0.1 in./sec. Assume that this is — 50° 
F. It is then apparent that the structure 
is safe from brittle failure down to — 50° F. 
If the designer wants to use the structure 
at —100° F., it will be necessary to change 
either the material or the I-beam. 


Conclusions 


It has been shown that: 

1. Brittle failure can be obtained in a 
freely supported concentrically loaded cir- 
cular disk in bending for a metal ordinarily 
ductile at room temperature. 

2. A properly selected notched bar can 
be obtained that will have the same duc- 
tile-brittle transition temperature at the 
sam? deflection velocity as the disk. 

3. On a properly selected and heat- 
treated material, there will be only a very 
slight directional effect on the brittle tran- 
sition temperature. 
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DISCUSSION of the subject of flakes 
fA cannot be confined only to the mani- 
festation of this defect in weld metal. It 
is necessary to consider also what takes 
place in the steels, because flakes are en- 
countered in them too and often present 
even more dangerous aspects than in 
welds. 

The defect designated by the name 
flake” is among the less known defects 
for it is not encountered in the mild steels 
currently in use. To our knowledge, 
flakes were first observed during the war of 
1914-18. Their occurrence coincided 
with the development of special, low-alloy 
steels. As in the case with the welds, the 
iefect was ignored for a long time; it was 
recognized only recently, when electrodes 
lepositing high-quality metal came into 
se, and it was not specifically mentioned 
in the literature until about 1938-39. 


Description of Defect 


In polished and etched sections of steels, 
the flakes appear in the form of a network 
f fine fissures or sometimes as single, 
* Lecture presented before the Belgian Weld- 
ag Institute on February 15, 1945, and published 


n Revue de la Soudure, 1 (2), 39-49 (1945). 
Translated by M. A. Cordovi, Research Metal- 


irgist, The Babcock & Wilcox Tube Company, 
| Engineer, The Arcos Co 


Flakes in Welds 


By M. Lefevret . 


isolated fissures (Fig. 1 (a)). 
tensile specimen which has been obtained 
from flaked steel reveals, at the fracture, 
round or elongated bright spots of a 


Likewise, a 


granular structure which are outlined 
against the darker background of the 
fibrous structure (Fig. 1 (b)). These spots 
do not necessarily correspond to the fis- 
sures in Fig. 1 (a); they could be produced 
even during the course of the test at a loca- 
tion where the metal did not exhibit any 
discontinuity prior to pulling, and they 
could develop also in the absence of any 
previous fissuring. 

The flakes which are present in welds 
may be either minute and scattered 
throughout the entire section or large and 
fewer in number (Fig. 2). In the center of 
medium-sized or large flakes, there almost 
invariably exists a defect—whether it be a 
blowhole or an inclusion—constituting, if 
not the cause, at least the origin of the 
flake. 

In view of their common origin and fre- 
quent occurrence in steels, the two de- 
fects—fissures and bright spots—albeit of 
different character, have been designated 
in French by the mutual name of ‘‘flo- 
cons.’”” However, a distinction is made in 
the German literature, the name ‘Floc- 
ken”’ being used to describe fissures in 


Fig. 2—Appearance of Flakes in Welds (Original Size) 


macroscopic sections and that of 
ken”’ or ‘‘Fishaugen”’ (fisheyes) for bright 
spots appearing in fractures. In the 
Anglo-Saxon literature, the bright spots 
are generally designated as ‘‘fisheyes’’ and 
the fissures as ‘‘flakes.”’ 

In a metal that has been affected by 
flakes (such as the one depicted by Fig. 1 
the primary consideration is not that of 
its mechanical quality. When the defect 
is present in the form of fisheyes, only a 
slight modification of the strength charac- 
teristics is observed, but this is accom- 
panied by a considerable reduction in the 
capacity for deformation of the metal. 
Translated in terms of elongation and re- 
duction of area, the capacity for deforma- 
tion may drop 50% or more. 


‘‘Flec- 


Conditions for the Development of Flakes 


Where are flakes found and under what 
conditions do they occur? Let us ex- 
amine separately the case of steels and 
that of welds. 

Flakes are especially preponderant in the 
low-alloy type steels, but chemical analy- 
sis does not afford any certainty as re- 
gards the presence or absence of the de 
fect. With respect to the method of steel 
manufacture, Houdremont! states that the 


Fig. 1—Appearance of Flakes in Steels 


8) Ina 


transverse section; 


(b) in a fracture. 


(a) Deformatio 
metal around an in- 
clusion; (b) occur- 
rence of crack trans- 
versely to the direc- 
tion of applied force. 
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Fig. 3—Formation of a Flake in a Weld . 
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various processes show an increasing sus- 
ceptibility in the following order: (a) cru- 
cible steel (insensitive to flaking), (b) acid 
Maftin steel, (c) acid electric steel, (d) 
basic Martin steel, and (e) basic electric 
steel (the most sensitive). 

The flakes appear in rolled pieces and 
more so in forged pieces, especially if they 
have been cooled rapidly and represent 
large sections. 

As regards welds, flakes are encountered 
only in metal deposited with heavily 
coated electrodes, especially if the coating 
is basic (this being in conformance with 
the observations made for the steels) or 
contains organic constituents. They are 
found more frequently in high-strength 
welds and aremoreabundant when the weld 
has been consummated by a cooler proc- 
Flakes have never been uncovered 
in welds made with electrodes depositing 
an oxygen-rich metal (the oxygen being 
acquired from the air), as, for example, a 
bare rod or one whose coating is rich in 
iron oxide. It is, therefore, a defect which 
characterizes well-deoxidized welds of good 
quality. 

A flaked weld metal does not exhibit 
any physical or structural peculiarities 
prior to testing; the flakes appear after 
testing and then almost exclusively in 
tensile specimens, seldom in bend test 
specimens and never in impact specimens. 
The complete absence of a preliminary 
fissure, even of microscopic size, at the 
location where eventually appears a flake 
has been questioned for a long time but is 
now a recognized fact which has been es- 
tablished by mumerous_ observations, 
namely: 


ess. 


The disappearance of flakes after heat 
treatment even at low temperature. 

Their limited occurrence in certain 
types of specimens (tensile) and com- 
plete absence in others (impact). 

Their perpendicular orientation to the 
direction of applied force, whatever 
their direction might be with respect 
to the weld bead. 

The absence of fissures on radiographic, 
metallographic and magnetic particle 
examination. 


The formation of flakes has been studied 
by Ferguson,? who metallographically ex- 
amined polished sections of tensile speci- 
mens. Except for the common inclu- 
sions present in varying sizes and amounts, 
the metal does not reveal any peculiarities 
prior to testing. Upon subjecting the 
specimen to tension, the metal around 
certain inclusions is deformed in proportion 
to the increasing load and there appears a 
crack transversely to the direction of the 
load. Continuing to increase the load re- 
sults in a more appreciable deformation 
around the crack before rupture ensues. 
At this instance, the fracture exhibits a 
perfect bright spot at the location cor- 
responding to the preliminary fissure. 
These observations have been confirmed 
by Bennek and Muller.* 


Causes of Flakes 


The cause of flaking has been investi- 
gated with respect to the following fac- 
tors: 


1. Internal stresses originating from: 
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(a) nonuniform cooling of the 
pieces (shrinkage stresses), 

(b) hot deformation, 

(c) allotropic transformation. 


2. Factors of metallurgical nature: 
(a) inclusions, 
(b) segregations, 
(c) gas content. 


3. Specifically in the case of welds, 
Ronay* attributes the origin of 
flakes to the difference in ductility 
existing between the ‘‘cast’”’ (un- 
refined) and tempered (refined) 
structures which may be present 
in multilayer welds. 


However, experience has shown that 
none of these factors, per se, could con- 
stitute the origin of flakes. 


1. The stresses alone could not be the 
cause, for flakes are found in: 


(a) Pieces that are cooled slowly 
and more or less uni- 
formly, hence without sig- 
nificant shrinkage stresses; 

(b) Pieces which are annealed 
after hot deformation; 

(c) Pieces, in which they oc- 
curred at a temperature 
considerably below the 
transformation point, 
namely, in the neighbor- 
hood of 390° F. (200° C.), 
whereas the transforma- 
tion point is at 1290° F. 


(700° C.). 
2. Likewise, with regard to the metal- 
lurgical factors, although occasionally 


some apparent relationship bas been found 
between the inclusions or the segregations 
and the flakes, nevertheless the large num- 
ber of exceptions precludes a definite cor- 
relation. Furthermore, the majority of 
the steels in current use contain inclusions 
or segregations and are not at all subject 
to flaking. Also, it is the welds which 
contain the largest number of inclusions 
that are absolutely immune to the defect. 

In so far as the gases are concerned, 
flaking has been ascribed to the CO (pro- 
duced by a reaction between the C and the 
O) and also to nitrogen; however, neither 
of these hypotheses has been found satis- 
factory and, on the basis of studies made by 
Bennek, Schenk and Muller,’ it was recog- 
nized that hydrogen, rather than oxygen 
or nitrogen, is the cause of flaking. 

3. The difference in ductility between 
the “‘cast’’ (unrefined) and tempered (re- 
fined) weld zones could not be the cause, 
for flakes are found in welds homogeneous 
in structure and even in those which have 
been previously annealed at 1650° F. (900° 
C.), as well as in welds of mixed structure. 

Although suspected for a long time, the 
influence of hydrogen was difficult to prove 
because of the inability to determine its 
content with sufficient accuracy. Ac- 
tually, the quantitative determination of 
hydrogen still is a difficult operation; the 
results are uncertain and often very incon- 
sistent, depending on the particular 
method used. In fact, the most authori- 
tative studies on the influence of this gas 
were not conducted in accordance with 
the analytical method, but rather followed 
the synthetic method; that is, the in- 
fluence of this element was studied in 
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specimens which were progressively 
charged with hydrogen. Houdremont' 
followed this procedure in conducting a 
series of fundamental researches on flakes. 

Incidentally, it should be pointed out 
that the difficulties to be contended with 
hydrogen analyses are manifold: 

1. Hydrogen, in the atomic state, may 
escape by diffusion at ambient tempera- 
ture before the analysis. Bennek?’ found 
8 cc. H,/100 gr. in a metal immediately 
after casting but observed that the hydro- 
gen dwindled to 2 cc. after a sojourn of 
three weeks at ambient temperature. 

2. Uncertainty of having abstracted 
all the gas. 

3. Uncertainty with regard to the 
state in which the gas is present in th 
metal and upon which may depend the re- 
sults of the analysis. 

Let us see now in what manner hydro- 
gen gives rise to flaking. The iron-hydro- 
gen system presents two individual fea- 
tures; first, hydrogen dissolves in iron 
only atomically and in varying quantities, 
the solubility of the gas decreasing from a 
value in excess of 30 cc./100 gr. at melting 
temperature to a negligible value below 
750° F. (400° C.), Fig. 4; second, iron 
exhibits a variable permeability for atomic 
hydrogen, which at room temperature 
drops toa millionth of its value at 1650°F 
(900° C.), Fig. 5. Iron exhibits neither 
solubility nor permeability for molecular 
hydrogen. 
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Fig. 4—Solubility of Hydrogen in Iron 
(Sieverts) 
V = volume of hydrogen dissolved in 


100 ar. Fe; T = temperature 


It follows that the metal liberates 4 col 
siderable quantity of hydrogen during 's 
solidification and cooling. This hydroge”. 
in the atomic state, diffuses toward ' 
external surface of the metal and escape 
it also diffuses in the direction of the 
ternal surface and collects in discont1ur 
ties in the metal which are formed 9 
blowholes, inclusions or cracks. The & 
caping hydrogen atoms recomin¢ within 
these discontinuities to form no 
lar-hydrogen. The pressure exerted by ™ 
latter increases until equilibrium © 


tained with the pressure of the atomic 
hydrogen. 
If the metal cools slowly, the lib« rated 
hydrogen has ample time to diffuse towe 
the external surface and only a relative?) 
small quantity remains occlude 
metal. However, if the cooling port 
fast, the permeability decreases 5° — 
JANUARY 
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fig. 5—Permeability of a Chromium- 
Nickel-Tungsten Steel in the Alpha and 
Gamma States (Bennek) 


V = volume of hydrogen diffusing 
through a zone | mm. thick, per sq. cm. and 
per hr.; T = temperature (° C.). 
that practically all the gas is trapped in 
the metal and, in this case, the equilibrium 
pressure in the internal cavities attains 
very high levels. These pressures can be 
theoretically calculated for cases where no 
appreciable diffusion has taken place and 
such calculations indicate that when 
hydrogen is present in such quantities as 
are ordinarily found in steels and welds, 
it can produce pressures that attain and 
even exceed the strength of the metal 
(Fig. 6). 

Therefore, if the cooling rate is rapid 
enough, the lone action of the hydrogen is 
capable of producing flakes which origi- 
nally existed in the form of internal fissures. 
Houdremont® was able to obtain evidence 
to this effect by charging a ‘nickel-chro- 
mium steel by annealing it in hydrogen 
under a pressure of 1000 atmospheres. 

However, this is an extreme case and, 
under the conditions encountered in prac- 
tice, the hydrogen alone does not develop 

sufficient stresses; to these should be 
added stresses of thermal or mechanical 
origin (such as residual shrinkage stresses), 
lorging stresses, stresses produced by allo- 


tropic transformations or stresses imposed . 


externally by a tensile load. 


v 


hg. 6—Rise in Hydrogen Pressure Calcu- 
Mila a8 a Function of the Temperature 
Steel). After Luckemeyer, Hasse 

and Schenk 


4 - hydrogen pressure and strength; 
-mperature (°C.); R = rupture load; 


) = solidificati 
‘ransf \dilication zone; U = alpha-g 
“asiormation range. 
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Since a high hydrogen content, ade- 
quate metal composition and unfavorable 
cooling conditions occasion very high 
pressures (though below the rupture 
limit), it takes only a small additional 
stress, such as would be produced by a 
temperature gradient during rapid cooling, 
to initiate fissuring. This is the manner 
in which flakes are produced in steel; 
they are known macrographically as 
‘*Flocken”’ or ‘‘flakes’’ (see Fig. 1 (a)). 

If the pressures are relatively low, how- 
ever, the stresses must exceed the elastic 
limit of the metal before fissures would 
appear. In this case, the presence of 
flakes is not ascertained until after tensile 
testing whereupon they appear as bright 
spots in the fracture or in the form of 
small internal fissures in the vicinity of the 
fracture (Figs. 2 and 3). 

It may be inferred therefrom that hydro- 
gen gives rise to both fisheyes and fissures, 
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Fig. 7—Quantity of Hydrogen Necessary 
for the Promotion of Fissures and Brittleness 
After Cooling in Air 


T = temperature (° C.); T = duration 
of annealing in hydrogen; B = appearance 
of fissures; A = occurrence of fissures; O 
= unaffected metal; @ = reduction in 
the elongation and occurrence of fisheyes. 


although the former represent a lesser 
manifestation of its effect. Houdremont? 
has confirmed this hypothesis by the fol- 
lowing observation: If successively larger 
quantities of hydrogen are introduced toa 
steel by annealing in hydrogen atmosphere 
for various periods of time, it is found that 
for relatively small charges there appear 
fisheyes in the fracture with attendant 
drop in the elongation and reduction of 
area values (Fig. 7, curve A); the flakes 
do not appear as fissures except for much 
longer durations or higher temperatures 
of dehydrogenation (Fig. 7, curve B). 
Flakes analogous to those in steels are 
found in welds only in exceptional cases. 
This was accomplished by Bennek and 
Muller*® by welding a thick plate of 3% Cr, 
0.50% Mo steel with electrodes of the same 
composition as the base metal, and under 
conditions assuring very rapid cooling of 
the weld. 

This formation of flakes-fisheyes also 
explains the characteristic aspects of the 
defect. High local overstressing initiates 
premature rupture due to de-cohesion. 
As soon as an initial crack is formed the 
pressure of the hydrogen drops and further 
de-cohesion is arrested. By application 
of higher loads, the deformation of the 
areas adjacent to the initial crack pro- 
gresses normally until complete rupture 
ensues by separation from the rest of the 
section. This mechanism of failure ex- 
plains the reason for the bright crystalline 
appearance of the flake on a mat, struc- 
tureless background. 

The absence of flakes on impact is due 
to the fact that rupture starts at the base 
of the notch and not at the weak points, 
as is the case in tension or bending. 


What Is the Minimum Hydrogen Content 
That Generates Flakes 


It is difficult to answer this question. 


Ashes Furnace 


Ni-Cr Steel Section, 2.4 x 2.4 In. 


Cold Water Oil 


Hot Water 


Air Blast Still Air 


Furnace 


Weld Section; 0.59 x 0.79 In. 
Fig. 8—Influence of Cooling Rate on Presence of Flakes 
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FLAKES IN WELDS 


In a steel; (Bottom) in a weld. 
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Fig. 9—Influence of Air-Cooling Tempera- 
ture on Flakes 


A = heated !/2 hr. at 1690° F. (920° C.); 
cooled in furnace to indicated tempera- 
ture, air cooled thereafter; B = heated 
1/, hr. at indicated temperature, then air- 
cooled; F = surface occupied by flakes in 
fracture; 7 = temperature of air-coolina. 


In fact, notwithstanding the indispens- 
ability of hydrogen for the formation of 
flakes, this phenomenon still requires the 
aid of one or more supplementary factors, 
namely: rapid cooling preventing the 
effusion of the gas from the specimen; 
presence of stresses which will add them- 
selves to the hydrogen pressure; and ade- 
quate chemical composition of the metal. 

Depending on which of these conditions 
are fulfilled and the manner in which they 
take place, flakes may be generated by a 
great variety of gas contents. By way of 
illustration, following are the results of 
several analyses: 


Plain C steel (not flaked): 1 to 4 ce. 
H:/100 gr. 

Carbon steel, charged with hydrogen 
(not flaked): 9 to 12 cc. H:/100 gr. 

Nickel-chromium steel (flaked): 8 to 
12 cc. H;/100 gr. 

Weld (not flaked, i.e., without fisheyes): 
2 to 4.cc. He/100 gr. 

Weld of 64,000 psi. (slightly or not 
flaked): 22 cc. H,/100 gr. 

Weld of 71,000 psi. (slightly flaked): 
6 to 10 cc. H2/100 gr. 

Weld of 78,000-85,300 psi. (severely 
flaked): 18 to 30 cc. H2/100 gr. 


It is advisable, therefore, to investigate 
what is the effect of the more important 
factors which, besides hydrogen, are in- 
strumental for the generation of flakes. 


Influence of Cooling Rate 


This effect is well understood and the 
majority of investigators have indicated 
that the abundance of flakes increases 
with faster cooling rates. In this con- 
nection, Houdremont® has studied the 
effect of various cooling media (viz., water, 
oil and air quenching, cooling in ashes and 
in the furnace) on steel. He found that 
the frequency of the flakes was a direct 
function of the cooling rate, that is, with 
progressively slower rates of cooling, the 
flakes dwindle and finally disappear (Fig. 
8). 

Our own test yielded somewhat different 
results for welds. Tensile specimens 
measuring 0.79 x 0.59 x 7.9 in. were cut up 
into weldments exhibiting considerable 
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flaking and were heated at 1690° F. 
(920° C.) for 1/2 hr. Subsequently, these 
specimens were cooled in cold water, in 
oil, in hot water, in an air blast, in still air, 
in kieselguhr or in the furnace. Our find- 
ings revealed that the water-quenched 
specimens did not contain nearly as many 
flakes as were found in specimens which 
were quenched in oil, in hot water or in an 
air blast. 

In order to estimate the relative sig- 
nificance of flakes, we adopted the square 
millimeter as a unit for measuring the 
total area which they occupy in a fracture. 
This method is entirely empirical and 
while it does net prove, for instance, that 
ten small flakes correspond to one large 
flake, nevertheless it permits the deriva- 
tion of more accurate results than would 
be possible with the usual arbitrary esti- 
mates; furthermore, our method has 
proved satisfactory in practice. On the 
basis of such estimates, the flakes were 
found to average: 1.7 mm? (2.64 x 1073 
sq. in.) in specimens quenched in cold 
water; 4.5 mm? (6.98 K 1073 sq. in.) in 
specimens quenched in oil; 5.4 mm? (8.37 
X 107% sq. in.) in specimens quenched in 
hot water; 5.2 mm? (8.06 * 107 sq. in.) 
in specimens quenched in an air blast; 2.3 
mm? (3.57 X 107* sq. in.) in specimens 
quenched in still air; 0 mm? in specimens 
quenched in kieselguhr and in the furnace. 

These results do not concur with those 
which Houdremont obtained on steels but 
they are in conformance with the results 
reported by Bennek, Schenk and Muller’ 
who observed that the flakes decreased 
with very fast cooling rates. These 
authors explain that under such circum- 
stances the hydrogen is not afforded suffi- 
cient time for dissociation, hence it is not 
capable to produce the overstressing which 
would generate flakes. Furthermore, the 
steel specimens used by Houdremont 
being considerably larger than our speci- 
mens, their rate of cooling was relatively 
slow and probably corresponded to that 
of our spécimens which were quenched in 
oil or in warm water. Our results were 
confirmed for several types of electrodes 
and, therefore, we resorted to cooling in an 
air blast whenever we desired to obtain the 
maximum possible number of flakes in our 
test specimens. This mode of cooling is 
also applicable to steels for the same pur- 
pose as in welds. 


Effect of Quenching Temperature 

This question was carefully studied by 
Houdremont!: * for various steels. With- 
out going into any of the details of his 
tests, it suffices to state that Houdremont 
noticed a decrease in number of flakes as 
the initial cooling temperature was 
lowered; in some steels, the flakes dis- 
appeared completely below 1110° F. 
(600° C.) while in others they persisted 
down to 390° F. (200° C.) or even to 212° 
F. (100° C.). In view of the experience 
to the contrary, it was inferred that in the 
latter case the flakes were formed between 
room temperature and 390° F. (20- 

We have carried out similar tests on 
welds. Since flakes occur in welds in less 
acute form than in steels, it was expected 
that they would disappear rather quickly. 
Actually, this was found to be the case. 
As shown by Fig. 9, the flakes decrease 
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rapidly in the temperature range 1650 
1110° F. (900 to 600° C.) and, after rapic 
cooling, do not manifest themselves beloy 
935° F. (500° C.). These data indicat, 
that flakes may be present in welds afte; 
normalizing or after cycle annealing if th 
cooling rate is not slow enough. 


Influence of Stresses 


As we have seen, flakes are generated by 
the superimposed action of stresses due t 
the hydrogen in combination with stresse< 
of thermal or mechanical origin. Th 
latter may be developed by: (a) unequa 
contraction due to rapid, nonuniform cool 
ing; (b) dilation due to allotropic trans 
formation, this effect being the more pro 
nounced the lower the temperature: 
hot deformation of the metal (forging or 
rolling); (d) externally applied tensik 
load. None of these factors is indispens 
able but the presence of at least one of 
them is requisite. 

Inasmuch as the measurement of thes 
stresses is impossible, no quantitative r 
lationship may be evolved 
hydrogen content and the stress ley 
causing the flakes. This relationship | 
schematically represented by Houdr 
mont® in Fig. 10. 


between th 


Influence of Chemical Composition 


The composition of the steel plays a very 
important role and determines the sus 
ceptibility of some steels and the immunity 
of others to flaking under normal co 
ditions. On the 
evidence, the various types of steels may 
be classified roughly in the following orde: 
of increasing susceptibility to flaking 


(a) Carbon steel, (b) 1 to 1! Mn ste 
(c) 1/2% Cr steel (containing smal 
amounts of Mo or Va), 

(d) Nickél steel (containing 1'/.° Nio 
more), (e) Cr-Ni-Mo and Cr-Ni-\\ 
steel. 


basis of experimenta 


The ferritic chromium steels, the auste! 
itic chromium-—nickel or manganese stee! 
the 4% silicon steels and the high-spe 
steels are insensitive to flaking 

Similar investigations, although 
quite as accurate or numerous as [or tl 
steels, were carried out also on weld ¢ 
posits. We found a marked tenden¢ y 
flaking in welds containing | to ! 
manganese. In this connection Bennes 


Fig. 10—Schematic Presentation 
Combined Action of Hydrogen ane Houdre 
in the Formation of Flakes. After 


mont? 
o = stress; H, = hya 
A = zone where flakes u 
practice; B = limiting hy° Pires 
necessary for the appeara! 
the absence of stresses. 
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points out the important effect of silicon 
Fig. 11) and that of chromium (3%) and 
states that small additions of molybdenum 
3°.) do not exert.a noticeable influence 
The presence of certain additions, for 
instance the silicon in the previously cited 
example, may favor the absorption of 
hydrogen in the metal. However, this is 
not their sole mode of action and, in fact, 
some steels containing equal amounts of 
hydrogen display quite different suscepti- 
bility to flaking. In this case the added 
element intervenes through its specific be- 
havior on the permeability of the metal, 
which may vary within wide limits, or dis- 
jaces the transformation point, which 
plays an important role. Actually, we 
have observed that a large quantity of 
hydrogen is liberated under such circum- 
stances. If the transformation point is 
depressed to a sufficiently low point, the 
fusion of hydrogen from the spcemien 
becomes rather difficult inasmuch as the 
permeability of the metal would have 
iropped already to a very low value and 
subsequently, the pressures developed by 
the gas are high. 


Remedies for Flakes 


There are two major remedies for the 
imination of flakes, both of which may 
derived directly from our discussion: 


The most certain and ‘‘elegant”’ 
thod is obviously to suppress the ab- 
irption of hydrogen at its origin, that is, 
luring the elaboration of the metal. 
2. If this is not possible, the hydrogen 
ay be eliminated from the metal, or at 
least its influence may be curtailed, by an 
appropriate heat treatment. 


Let us see what are the aspects that this 
problem may assume in the case of arc 
Ids: 

I. Reduction of the Hydrogen Absorbed 
uring Fusion —The hydrogen content in 
velds susceptible to flaking is, as we have 
ven, approximately ten times higher than 
i sound steels and welds. This hydrogen 
ay originate from two possible sources: 
‘he core and the coating. 

7 he data recorded in Table 1 reveal that 
lbeit ¢he core may be twice as rich in 
lydrogen as the steel base metal, still it 
may acquire hydrogen from that source. 
On th other hand, the coating delivers 

uring fusion a considerable quantity of 
‘4s containing a high percentage of hydro- 
st. In the analysis of the gas originating 
, coating, Larson® found 3400 ce. 
in an electrode 0.233 in. in 
“ameter, weighing approximately 110 gr., 
= Bennek? found 4040 ce. of hydrogen 
nl Ww gr. of electrode. 

F ‘hese results point to the coating as the 
‘ue source of hydrogen. This role of the 
ating was further confirmed by the fol- 
. ig experiments: identical electrodes, 
doricated in one case from an ordinary 
a Bay in another using a core from 
ad the hydrogen was removed by a low 
ature anneal, yielded in both cases 
“same hydrogen content in the deposit.* 
© of our researches we, too 
Mvestigated 
TOM an 


Stresses 
Jouare 


1 the courss 
lave 


electrodes fabricated 
Was pork a core, from a core which 
for § | hed by annealing in vacuum 

iT. at 1830° RF. (1000° C.) and, 


finally, from a core which was charged 
with hydrogen by electrolysis or pickling 
(hydrogen could be as high as 80 cc. per 
100 gr. in the latter case). We did not 
discover any difference, as regards suscepti- 
bility to fisheyes, in the three cases cited. 

The large quantity of hydrogen found 
in the coating originates from organic mat- 
ters, from residual water or from moisture. 
The suppression of the organic constit- 
uents and pressure-drying of the electrodes 
are, therefore, two means of preventing 
the defect. However, although these 
methods may be adequate in certain cases 
they are not always fully effective for they 
do not afford the restoration of the hydro- 
gen to a sufficiently low value (see 
Table 2). 

In our own tests, we, too, have noted a 
reduction in the fisheyes with higher dry- 
ing temperature, this decrease being small 
up to 570° F. (300° C.) but very pro- 
nounced at 660° F. (350° C.); duration of 
treatment was3hr. A treatment at tem- 
peratures higher than 660 to 750° F. (350 
to 400° C.) would be necessary for their 
complete elimination, but such a treatment 
is not conceivable inasmuch as it would be 
detrimental to the coating. 

The humidity of the welding atmosphere 
may be mentioned also as a possible source 
of hydrogen. Obviously, however, its 
effect is insignificant as compared with the 
influence exerted by the coating. As a 
matter of fact, this factor does intervene 
indirectly by controlling the moisture ab- 
sorbed by the coating. 

In conclusion, it may be stated that 
since the possibility of preventing the ab- 
sorption of hydrogen at its source is quite 
slim there remains only the possibility of 
exploring the treatments which will permit 
its elimination from the metal. These 
treatments do not include the extraction 
of hydrogen in vacuum for such a method 
is rather delicate and is applicable only to 
small specimens. 

2. Thermal Treatment--The marked 
influence of heat treatment on flakes was 
recognized from the very beginning. We 
have seen that a fast cooling rate favors 
the formation of flakes and, conversely, 
that a slow rate of cooling makes them dis- 


,appear. In essence, this means that 


flakes are avoided by heating followed by 
slow cooling. But what is the heating 
temperature and what is the holding time 
required? This question has been studied 
extensively and considerable data were 
obtained which, unfortunately, are in little 
accord. 

In the case of steels, where the problem 
is concerned with the avoidance of flakes 
appearing in the form of fissures, it is 
recommended to cool slowly from 1650° F. 
(900° C.) and especially so throughout the 
critical zone 390° F. (200° C.); usually, a 
holding time of 10 hr. is sufficient, but 
under more unfavorable conditions as long 
as 100 hr. may be required. 

By heating for 24 hr. at only 212° F. 
(100° C.), Drescher and Schaefer” were 
able to restore the original properties to a 
steel which, due to hydrogen absorption, 
exhibited fisheyes in the fracture and had 
suffered a drop in ductility (elongation and 
reduction of area). This treatment was 
applied under similar circumstances and 
with equal success also by Houdremont®. 

In the case of welds, where the hydrogen 
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manifests itself in analogous manner, i.e., 
by fisheyes and concomitant drop in duc- 
tility, normal properties were restored by 
means of the following treatments: 


Eilender: Heating for 10 hr. at 930° F. 
(500° C.); 

Ronay*: Maintaining the at 
300° F. (150° C.) at least during its 
execution, or heat treatment at 1110° 
F. (600° C.); 

Duma!"!: Heating the specimen for 8 hr 
at 450° F. (230° C.) immediately 
after welding; 

Zapfie and Sims?: Heat treatments of 
various durations, depending on the 
temperature: 

15 min. at 1110 and 930° F. (600 
and 500 ° C.) 
1 hr. at 750° F. (400° C.) 

3 hr. at 570° F. (300° C. 

5 hr. at 390° F. (200° C. 

50 hr. at 212° F. (100° C 
Zapffe and Sims"™ state, without elabo 
rating, that some improvement in the 
welds may even be accomplished by hold- 
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Fig. 11—Relationship Between Chemical 
Analysis and Hydrogen Content of Weld 
Metal. After Bennek and Muller® 
C-Mn-Si = carbon, manganese and sil 
con content; H, = hydrogen content; 


A. 8, C.D, E = various electrodes. 


Table 1—Hydrogen in Steels, in Core 
of Electrodes and in Welds 


Hydrogen Technische 
Content of Hochschule Bennek 
Metal, Aix-la- and 

Ce./100 Gr. Chapelle Muller 
Ordinary mild 

steel 2.5- 4 ] 1.25 
Core of elec- 

trode 4 S 1.25- 4 
Weld 18 -22 6 30 


Table 2—Effect of Type of Coating on 


the Flakes 
Hydrogen 
Content in Effect 
Deposit, on 
Coating Ce. /100 Gr Flakes 
3.6% organic 24.5 Consider 
constituents able 
3.6% organic 13.3 Relatively 


constituents, Less 
dried 2 hr. 
Jou. 


(400° F.) 
free of organic 13.3 Relatively 
constituents, Less 


dried 2 hr. 
at 750° C 
(400° F.) 
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Table 3—Elimination of Flakes by 
Thermal Treatment at Various Tem- 
peratures 


Duration 
Necessary 
for the 
Elimina- 
Annealing tion of 
Temperature the Flakes 
1690° F. (920° C.) 0 
1200° F. (650° C.) 0 ia 
510° F. (265° C.) 30-40 min. 0.6 
250° F. (120°C.) 25-75 hr: 50 
Sojourn at ambi- 
ent temperature 


Approxi- 
mate 
Average 
Dura- 
tion, Hr. 


1-3 mo. 1000 


ing for a more or less extended period of 
time at ambient temperature. 

In their systematic study of the effect 
of various heat treatments (followed by 
air cooling) on flaked welds, Bennek and 
Muller* found that hydrogen content and 
flaking decreased very slightly at'390° F. 
(200° C.), markedly between 930 and 
1290° F. (500 and 700° C.) then again de- 
creased only slightly between 1650 and 
1830° F. (900 and 1000° C.), Fig. 12. 
After holding the specimen for 10 hr. at 
930° F. (500° C.) or 1 hr. at 1290° F. 
(700° C.), the hydrogen content dropped 
to a value of the order of 2 cc./100 gr. and 
a drastic, subsequent treatment such as 
air cooling or water quenching from 1650° 
F. (900° C.) did not promote the reappear- 
ance of flakes. The authors explain their 
results in the following manner: The 
larger portion of the hydrogen occluded in 
blowholes and inclusions is in the molecu- 
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Fig. 12—Decrease in Hydrogen Content of 
Welds by Annealing at Various Tempera- 
tures 


H; = hydrogen content; t = annealing 
time (hours); B, D = electrodes used. 
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lar state and can be extracted only at tem- 
peratures above 750° F. (400° C.), at 
which temperatures it dissociates into 
atomic hydrogen. Above the _ transfor- 
mation point, the hydrogen can no longer 
escape because the solubility of gamma 
iron ishigher. Contrarywise, between 930 
and 1290° F. (500 and 700° C.) the disso- 
ciation and the permeability are suffi- 
ciently high to permit diffusion of the 
atoms. 

Notwithstanding the accuracy with 
which these results may have been estab- 
lished or how logical their explanation, 
they do not concur with the results ob- 
tained by Ronay, Duma and Zapffe who 
observed a disappearance of flakes at low 
temperatures. This divergency in data 
necessitated the study of various thermal 
treatments in conjunction with experi- 
ments conducted by the Arcos Co. Fol- 
lowing are the results obtained. 

Several series of specimens were welded 
with an electrode which was especially se- 
lected for its ability to produce very flaked 
welds; then the specimens were cut into 
tensile bars and subjected to a preliminary 
heat treatnient, involving air cooling, with 
the object of producing the largest possible 
number of flakes. The presence of flakes 
was ascertained in a number of samples. 
Subsequently, the specimens (usually in 
lots of 4) were heated to the temperature 
desired, soaked for various periods of time 
and allowed to cool slowly in the furnace 
with the power shut off. Then the ma- 
chining of the specimens was completed 
and they were broken. 

As could be expected, the flakes were 
completely eliminated by an annealing 
treatment at 1690° F. (920° C.) and 1200° 
F. (650° C.). We therefore devoted our 
attention to the influence of lower tem- 
peratures and found that: 


At 510° F. (265° C.), the number of 
flakes decreased rapidly; they dis- 
appeared completely after 30-40 min. 
at this temperature. 

At 250° F. (120° C.), a lesser decrease 
took place and the flakes did not dis- 
appear until after 2 to 3 hr. at tem- 
perature. 


Finally, going to extremes, we allowed 
the specimens to sojourn for considerable 
time at ambient temperature prior to test- 
ing. In this case, too, we observed a pro- 
gressive decrease in the number of flakes 
for durations of the order of 1 to3 months. 
The strength properties did not undergo 


llth day 22nd day 


any systematic modification in any of the 


cases cited. 

Each series of tests was repeated severg| 
times in order to check the results, espe. 
cially those obtained at ambient tempera 
ture; furthermore, the latter wer 
checked also by repeating the tests using 
a foreign electrode. The results are sym. 
marized in Table 3 and a typical photo 
graph showing the elimination of the flakes 
is depicted in Fig. 13. 

If the temperatures and durations of th; 
treatments shown in Table 3 are plotted 
to semilogarithmic coordinates, it is ob 
served that’ the representative points }j 
on a straight line, i.e., holding time is ap 
exponential function of the temperatur 
These results lead to the following im. 
portant conclusions: 


(a) Flakes are prone to disappear after 
a longer or shorter period of time without 
subjecting the metal to any treatment 

(b) If the metal is held at increasingly 
higher temperatures and then slowly 
cooled, the time period necessary for the 
elimination of the flakes decreases rapidly 
only a few minutes being required at 750 


F. (400° C.). 


These results are analogous to those 
obtained by Duma and by Zapffe and 
Sims, Fig. 14. Up to 390° F. (200° C 
our results are in good agreement with the 
values reported by the other two authors 
However, at 570, 750 and 930° F. (300, 
400 and 500° C.), Zapffe recommends 
longer holding times than the ones which 
we determined by our experiments. This 
discrepancy is probably due to the fact 


T 600 


Fig. 14—Suppression of Flakes by Annee: 
ing (Duration of Treatment Expressed # 
Function of Temperature) 


T = annealing temperature; 
(hours) at temperature necessary for the 
elimination of flakes; © = tests by author 
(cooling in furnace); O = tests by 
and Simms (water quenching); 
by Duma (air cooling). 


49th day 108th day 


Fig. 13-—Disappearance of Flakes in a Weld After Sojourn at Ambient Tem- 
perature 
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that after heat treatment, our specimens 
were slowly cooled in the furnace whereas 
Japfie’s were quenched in cold water. 
Slow cooling is tantamount to continua- 
tion of the treatment and is instrumental 

eliminating the last traces of flaking 
shich might persist after relatively short 
treatments. On the contrary, if the cool- 
ng rate is favorable to the formation of 
fakes, a longer heat treatment becomes 
requisite for their elimination. 

As regards mechanical properties, our 
qdings are in accord with the values 
reported by Drescher (24 hours at 212° F.) 

° C.) as well as with the results ob- 
tained by Koerber and Mehovar.'* The 
itter obtained considerable improvement 

the elongation and reduction of area 

ithout effecting any change in the 
lastic limit or strength) of rails either by 
llowing them to sojourn for several weeks 

t ambient temperature or by subject- 

x them to a short heat treatment below 

F. (200° C.). 

While at first glance these results may 

m to contradict the results obtained by 
Bennek and Muller (several hours at 930 
to 1290° F. (500 to 700° C.), closer exami- 

ition of the factors involved reveals that 
the disagreement is but apparent. This 

so because the ultimate purpose of 
Bennek’s research was to extract the 
ydrogen whereas, in our investigations, 
merely envisaged to eliminate the 
flakes. 

If a weld which has been treated in 
accordance with our procedure and, there- 
fore, has been freed of flakes, is subjected 
gain to a treatment involving air cooling, 
the flakes reappear with the same intensity 
isin untreated metal. We observed this 
mdition in specimens which had been 
unealed for one or more hours at 1650° F. 
00° C.), as well as in specimens that had 

en exposed for several months to am- 
lent temperature (see Table 4). On the 
ther hand, as already mentioned, the 
lakes completely disappeared in welds 
vhich had been annealed for several hours 
it 930 to 1290° F. (500 to 700° C.) and did 
lot reappear after a new water-quenching 
treatment 


Apparently then, the low temperature 
'reatment suppresses the flakes but does 
t eliminate the source that generates 
them in the metal. The hydrogen is not 


inated; only its troublesome tendency 
‘checked. Nevertheless, it is our opinion 
‘at if, during fabrication or in service, 
‘ie metal is not subjected to thermal con- 
itions favoring the formation of flakes, 
he elimination of hydrogen is unneces- 
sary 


; it is sufficient to neutralize its 
effects, 


Conclusions 


‘everal interesting conclusions may be 
_— from the results of the fests de- 
“ribed herein. It may be advisable, how- 
Yer, first to make several reservations. 
Fits of all, the observations made and 
os conclusions which may be derived 
only for weld metal 
which manifest themselves 
Ye hese conclusions cannot 
hydrogen are s els in which the effects of 
Likewise oo ten of a different nature. 
oF various types or 

S May exhibit quite different 
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tendencies as regards the formation of 
flakes. Accordingly, our results are valid 
quantitatively only for the electrodes with 
which they were established and they do 
not hold, except qualitatively, for other 
electrodes. 

With these reservations in mind, we be- 
lieve that it is possible to draw the follow- 
ing conclusions on the basis of the tests 
made to date by us and by other investi- 
gators: 

1. Inasmuch as the flakes disappear 
naturally within a period of several weeks 
or several months, the presence of this 
“temporary” defect in weld deposits 
should not cause any anxiety and does not 
warrant resort to complicated or costly 
remedies for its elimination. 

2. If the conditions extant are such 
that the flakes must be eliminated without 
affording the metal the “relaxation period”’ 


cited above’ (notably in tensile tests con- 
ducted shortly after welding, as is usually 
the case in practice) it suffices to hold the 
specimens for 1 or 2 hr. at about 480° F. 
(250° C.). Such a treatment serves to 
eliminate the flakes and to considerably 
improve the ductility without altering the 
structure or modifying any of the other 
properties of the deposited metal. In 
Table 5 are given the results which we 
obtained on tensile specimens representing 
various flaked weldments after subjection 
to this treatment. 

We therefore recommend this treatment 
for tensile specimens which are to be pulled 
shortly after welding, where the formation 
of flakes might be anticipated. This treat- 
ment will have the same effect as artificial 
aging in that it rapidly reverts the metal to 
the condition which it will assume several 
months later. 


Table 4—Recurrence of Flakes Due to Air Cooling, After Their Elimination by 


Annealing at Elevated Temperature or by Sojourn at Ambient Temperature 


—Annealing at 1690° F. (920° C.)— ————Sojourn at Ambient Temperature 
Treatment Flakes Treatment Flakes 
Electrode Electrode 
B 

Air cooled (as-wélded) s Air cooled (as-welded) 6.5 4.25 

Annealed at 1690° F. (920° 0 Air cooled (as-welded) 60 0 l 
C.) for '/2 hr., slow cooled days later 

Annealed at 1690° F. (920° 9 62nd day; again cooled in 3 3.9 
C.) for '/s hr., air cooled air 

Annealed at 1690° F. (920° 7 103rd day; again cooled in 5.9 3.5 
C.) for 1 hr., air cooled air 

Annealed at 1690° F. (920° 12 107th day; again cooled in 8.5 4 


C.) for 3 hr., air cooled 


air 


Table 5—Influence of Heat Treatment a 


Vield Tensile 
Point, Strength, 
Electrode Treatment Psi. Psi. 
lhr. at 480°F. 61,150 76,650 
(250° C.) 
lhr.at 480° F. 61,150 75,370 
(250° C.) 
D 404 67,970 82,160 
lhr.at480°F. 65,410 82,760 


(250° C.) 


t 480° F. (250° C.) on Flaked Welds 


Elonga- Reduc- 
tion in tion of 
5 Diame-_ Area, 
ters, % % Remarks 
29 45 One large flake and 
several small 
32 68.5 No defect 
25 47 One large flake and 
several small 
30.5 62.5 No defect 
20 28 One large flake and 
several small 
26.5 47 No defect 


Table 6—Influence of Heat Treatment at 


480° F. (250° C.) on the Mechanical 


Properties and on Specific Defects in Vertical Welds 


Specimen 
1.28-In. Electrode: 
Horizontal weld 
Vertical weld (as-welded) 


Fracture 


similar 
flakes 
Vertical weld (annealed 1 hr. at No defect 
480° F.) 
1.57-In. Electrode: 
Horizontal weld 


Vertical weld (as-welded) 


One fissure 


4 
Two fissures 47,490 


similar to 


flake 
Vertical weld (annealed 1 hr. at No defect 


480° F.) 


Reduc- 

Yield Tensile Elonga- tion of 

Point, Strength, tion, Area, 
Psi. Psi. % % 
53,470 66,830 29 50 
56,880 8 20 

to 

53,790 67,690 23.2 36 
53,790 67,690 28 45 
45,360 62,280 16.6 36 
53,790 67,790 28.6 54 
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3. In this connection, we should also 
mention an interesting deduction, concern- 
ing the effect of a low temperature heat 
treatment, which evolved from our ex- 
periments. We observed in numerous ten- 
sile tests that specimens which had been 
welded in the vertical position often ex- 
hibited low elongation and reduction of 
area values. The fracture of such speci- 
mens did not reveal any blowholes or in- 
clusions but did exhibit some rather odd 
patches which had the aspects of flakes and 
resembled fissures. These patches repre- 
sented narrow and elongated zones of 
dendritic structure, were brighter than the 
background and were confined solely to the 
unrefined portion of the bead. The simi- 
larity in appearance of this defect to some 
large flakes prompted us to study the 
effect of heat treatment on these weldments 
at 480° F. (250° C.). The result was very 
conclusive: the defect disappeared com- 
pletely and the mechanical properties were 
restored to their normal values (see Table 
5). 

We believe that in this case we were con- 
fronted with a defect similar to flake but 
of more serious aspects inasmuch as it de- 
veloped in a “cast” (unrefined) structure 
which is inferior in quality to an annealed 
(refined) structure. 

4. Finally, the fact that the elimination 
of flakes requires only a short anneal (sev- 
eral minutes) at approximately 750° F. 
(400° C.) but requirires several hours at 
temperatures below 480° F. (250° C.) 
readily explains their greater abundance in 
welds consummated by a cooler process as 
compared to welds made by a hotter 
process. In the first case, it takes about 
one minute for the deposited metal to 


Discussion “Effect of 
Welding on Transition 


Temperature of Low 
Alloy Steel” 


By W. P. Roop 


HE data on the behavior of the high-constraint 

nickbend specimen and the light it throws on the 
transition temperature are of special interest. 

The conclusion that welding raises transition tempera- 

ture is supported by tests with all three specimen types 


used. 


However, when the relative magnitudes of different 
steels are in question, discardant results are obtained 
from the three types. They do not even place the steels 


in the same order of merit. 


* Paper by G. G. Luther and others, THe Wetpinc JourRNAL, Research 


Supplement, Oct. 1946, p. 634-s. 
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attain a temperature of 570° F. (300° C.); 
this means that its cooling rate corresponds 
to that obtained by an oil quench, and the 
conditions are therefore very favorable for 
the development of flakes. In the second 
case, assuming that during working the 
temperature of the specimen is main- 
tained, for example, at 570° F. (300° C.), 
it will take several minutes for the de- 
posited metal to cool through the zone 
750-570° F. (400-300° C.) and consider- 
able diminution, if not the complete elimi- 
nation, of flakes will result, depending on 
temperature and the rate of cooling. 

Thus it becomes evident that the numer- 
ous researches which we have discussed 
herein, have served to bring forth two con- 
crete results: 

1. They show that the flakes in welds 
do not constitute serious danger primarily 
because they manifest themselves only 
temporarily and disappear before the weld- 
ment is placed in service; also because 
they appear only under stresses approach- 
ing the rupture limit—hence, under condi- 
tions which normally are not encountered 
in practice. 

2. In all cases, the defect could be sup- 
pressed by a simple, low-temperature heat 
treatment or by sufficient heating of the 
specimen during welding. 

Although this problem may be con- 
sidered as solved for all practical purposes, 
it still presents some interesting aspects 
among which are the following: What 
kind of phenomenon promotes the gradual 
disappearance of flakes at low temperature 
despite the presence of hydrogen in the 
metal? By what mechanism do flakes 
which have once been eliminated reappear 
due to a subsequent treatment? Are they 


situated at the same locations where they 
would have been found after the first 
(initial) treatment? 

This subject, therefore, is not exhausted 
and there are several problems which we 
are presently investigating or intend to ex. 
plore in subsequent researches. We ey. 
pect that our work will uncover inter. 
esting data which will warrant our return 
to this subject at a later date. 
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The most consistent results are obtained by th 
authors observing, in the Charpy bar, the temperature 
above which the fracture surface shows no sign © 
cleavage; and in the constrained nick-bend, the type ©! 
load-deflection curve. 
shift from failure beyond maximum load (Type ») 
failure at maximum load (Type C). ray’ 

In all cases dispersions are high and the vagaries!" 
form of the transition curve great. -_ 
be hoped for would be agreement in order of merit“ 


For the latter, the criterion 's 


The most that could 


different steels as shown by different tests. 


The problem is to find the temperature limit be 
which failure with inadequate prior elongation 11 4 s° 
structure cannot be depended upon. 
say that one steel is better than another. Actual evalua- 
tion of the temperature limit is needed. a 

In my opinion this requires use of a notched sp cimen 
of full service thickness under static load, pre!er@ 
tension, with accurate control of temperature. 

If, when these conditions are met, dispersio! ' 
high and transition curve form capricious, a stric 
cation of statistical procedures in analysis will be 


resource. 
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Flash Welding of Concentrated Areas 
Up to 24 Sq. In. in SAE. 1020, 
NE 9440 and NE 8620 Steels 


By D. Bruce Johnston’ 


flash-welding process since this is familiar to most of 
those interested in this type of welding. For those, 
however, to whom the process is unfamiliar, reference 
hould by made to numerous papers already available 
nd particularly to one by the writer in which the flash 
welding process is described in .detail.' 
The ultimate purpose of the work described in the fol- 
lowing paper was to obtain basic data for the design of a 
large machine capable of flash welding 8-in. solid rounds. 
it was also anticipated that many useful operational 
(ata would be obtained for use in carrying on the experi- 
ments on the new machine. As a matter of interest, it 
ught be added that by using. many of the data obtained 
uring this investigation, the large machine referred to 
‘bove was subsequently designed and built. Not only 
ud it successfully weld 8-in. solid rounds, but also an 
rea of 76 sq. in. of more distributed area. A paper on 
‘ne construction of the large machine is expected to be 
given at a later date. 
The investigation was divided into three main groups: 


\. The flash welding of 3!/2-, 41/2- and 5'/2-in. rounds 
of S.A.E. 1020 steel. 


|’ IS not the intention of this paper to describe the 


sented at the Annual of the American Wevpinc Society in 
\tlanti City, N J.. Nov. 19, 1946 


' Consulting Engineer, McPhee ‘ont Johnston, New York, N. Y. 


B. The flash welding of 4'/2-in. rounds of NE 9440 


steel. 
C. The flash welding of 4-in. squares of NE 8620 
steel. 


The selection of the sizes shown in Group A was deter- 
mined partly by availability of material and partly by the 
fact that these sizes represented typical specimens of 
products already being fabricated by other processes. 
The type of material, that is, S.A.E. 1020, was selected 
mainly because of its common usage in industry. The 
4'/,-in. size rounds in Group B was determined on the basis 
of preliminary experiments in Group A. NE 9440 steel 
was selected on the basis of availability of material as 
being an acceptable substitute for the steel originally 
specified for the 8-in. rounds. The physical properties 
specified for the 8-in. rounds are given in Table 1. It 
was found that NE 9440 steel could, by suitable heat 
treatment, be made to give the same physical properties 
as those required by the specification. 

The 4-in. squares of NE 8620 steel in Group C were not 
included in the original plans, but toward the end of the 
experiments some of this material became available and 
as the machine was not immediately required for pro- 
duction purposes, a number of welds was made. In this 
way, some useful data were obtained on mild steel, low- 
carbon-—low-alloy steel, and high-carbon—low-alloy steel. 


Table 1—Physical Properties 


Parent Metal 


Forging NE 9440, 

Specification Heat-Treated* 
115,000 psi. 126,000 psi. 

heey 95,000 psi. 92,500 psi 

Bong are; 50% min. 53.3% 
Mine ton in 2 in. 20% min. 22% 

Cold be - : 255 min. 245 

ond ud |-in. pin without 180° 180° 

Results 

t Resch are averages of 4 specimens each 


‘re averages of 3 specimens. 


—Welded Specimens NE 9440t——- 
Heat-Treated Homogenized and Heat-Treated 


131,000 psi. 119,500 psi. 
112,000 psi 91,700 psi 
22% 20% 
10.2% 8.9% 
258 260 
Started to crack at an average of Started to crack at an average of 
20°, '/s in. from the weld 93°, */1¢ in. from weld 
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Type of Machine 


The machine used for these experiments was an old 
Taylor-Winfield flash welder of 1000 kva. capacity. 
' This machine was manually operated through a system 
of levers, which controlled a follow-up valve which, in 
turn, controlled the flow of oil to and from two 14-in. 
diam. cylinders. Most modern flash-welding machines 
are built with some kind of atlttomatic operating mecha- 
nism and it was felt that in a machine of the capacity under 
consideration the cycle should be fully automatic. 

Much preliminary work had been done with this old 
machine with a view to making the operation automatic 
and in this connection a rotary cam had been developed. 
This rotary cam was operated by an adjustable speed 
control and actuated the follow-up valve directly. The 
flash welder, therefore, remained essentially a hydraulic 
machine. Possibly due to the age of the machine, some 
trouble was originally experienced in starting the welding 
cycle. It was found desirable in most cases to start the 
welding cycle manually, then to pick up with the cam and 
follow through automatically. In all cases, however, 
the final upset had to be controlled manually by pulling 
the operating lever forward rapidly. It is obvious, of 
course, that manual operation of this part of the welding 
cycle had no bearing on the quality of the fifal weld, 
since the rapidity of upset was dependent principally on 
the rate of flow of oil through the valve into the cylinders. 


Welding Chart 


In order to provide a graphic record of each weld, a 
recording device was made. This consisted essentially 
of a table which was moved in a transverse direction at a 
preselected, constant speed across a fixed portion of the 
flash welder. A stylus pen was suitably attached to the 
moving platen so that a continuous line was drawn, giv- 
ing a graph of the movement of the platen in relation to 
time. Figure 1 shows a typical welding chart made by 
this recording device. A secondary purpose for obtain- 
ing these charts was to check the contour of a cam pre- 
viously developed. It is obvious that, with a given ro- 
tary cam and an adjustable speed control, various shapes 
of welding chart could be obtained. Many useful data 
were obtained from these charts which were subsequently 
used to develop a linear cam for the larger machine re- 
ferred to previously. 


Specimens 


In all cases the specimens were 9-in. long before weld- 
ing so that when flash welded together the total length 
was 18 in. minus the amount used for burn-off and upset. 

The type of preparation of the surfaces to be flash 
welded is an item which becomes of increasing importance 
as the size of the weld increases, particularly if the weld 
is of a concentrated area. It is well known that flash 
welding is nothing more than a series of short circuits 
wherein protuberances from one piece short-circuit 
against the other piece. During these short circuits the 
current density is so high that the metal is vaporized and 
violently expelled almost instantaneously. It is very 
important that this current density be maintained at a 
high level. If it falls below a certain minimum value, 
the resulting low energy input is not sufficient to burn off 
the metal in contact, and ‘‘sticking’’ occurs. Due to the 
cold condition of the steel, there is much greater danger 
of sticking occurring at the start of a weld than at any 
time during the welding cycle. It becomes obvious, 
therefore, that a rough surface is more desirable for flash 
welding than a smooth surface. Actually, a rough gas- 
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“oO 


cut surface is much more desirable than any other YP 


of end preparation. In the preparation 0! rounds - 
flash welding, however, gas-cutting is difficult and, “ 
the standpoint of accuracy, somewhat uncertain. 
investigators have found that coning the ends by 
ing produces a very desirable condition for repos 
flash-welding cycle. Hence, at the start ol a 
experiments, the round samples were coned to an 

of 5°. The square samples were gas cut. 
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tical advantages. 
idvantageous from a practical standpoint since the speci- 
mens being welded can be placed in and removed from 
the dies quite easily. Electrical contact, however, is 
made on the underside only. The vertical dies, on the 
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“MOVING A 
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FIXED 
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Fig. 2 
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Fig. 3 
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Dies 


In the flash welding of the rounds, two types of clamp- 


ing dies were used: 


1 


|, Vertical dies as shown in Fig. 2. 
2. , Horizontal dies as shown in Fig. 3. 


Both these types have their own theoretical and prac- 
The horizontal dies are much more 


ther hand, make it more difficult to put the specimens 


in place and much more difficult to remove them after 
welding. There is theoretically, however, a better elec- 
trical condition since the current comes up through each 
half of the die and enters the piece from the sides. 


_ For welding the 4-in. squares, flat dies only were used. 
Further observations of the results obtained with these 
iifferent dies are given later in the paper. 


Tap Changing 


In the flash welding of heavy sections, an additional 
problem presents itself. The mass effect of large concen- 
‘rated areas of steel is such that a high voltage setting is 
required to enable the flash welding cycle to get started 
without sticking. Initially, the heat generated by flash- 
ig 18 Conducted rapidly into the cold masses of steel. 
As heat builds up in the sections, the current density due 
‘0 the starting voltage then becomes too high, with the 
result that the flashing is very explosive. This is objec- 
Nonable as there is serious danger of producing craters 
immediately prior to upset which may not be closed up 

y the upsetting action of the machine. A high-voltage 
“ting is also conducive to the formation of oxide inclu- 
‘ons. This can be explained as follows: As has been 
~ << Previously, flashing is caused by a series of short 
ea Which occur in such rapid succession (some being 
ots fiackaw ‘hat there is created an illusion of continu- 
the wren Each short circuit causes an explosion, 
net ‘ ence of the explosion being a function of the cur- 
function of Since the violence of the explosion is a 
ite. of heat, it is probably proportional to the square 
a a following the J?R rule for total heat gene- 
Crident I is the current and R the resistance. It is 
that excessive voltage produces an 

€ effect more than in proportion to the voltage. 
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It is known that, following an explosion, a partial 
vacuum is created, and it must be clear that the greater 
the violence of the explosion, the more intense must be 
the partial vacuum. Hence, after each short circuit, a 
partial vacuum is created, the intensity of which in- 
creases with the voltage. For a given speed of advance 
of the moving platen, there will be fewer short circuits at 
high voltage than at low voltage since at high voltage the 
amount of metal blown off is greater. Hence the interval 
of time between explosions is, on the average, greater at 
high voltage than at low voltage. This, combined with 
the higher vacuum created, tends more readily to permit 
air to flow in between the welding surfaces, with resulting 
oxidation. This theory has been verified experimentally. 
Due to the necessity for starting with a high-voltage 
setting when welding heavy sections, there is a greater 
danger of developing oxide inclusions. 

It therefore becomes desirable to change the voltage 
setting during the welding cycle so that the current den- 
sity may be reduced to a reasonable value af ter the weld 
has been started at a higher voltage. Other investigators 
have been cognizant of this problem, and since this 
series of experiments was carried out, various means of 
reducing the energy input to a flash weld have been de- 
veloped, principally by means of electronic control. 

For purposes of experiment, a temporary arrangement 
of tap changing by means of mechanical contactors was 
devised. The contactors were electrically interlocked 
so that those on the high voltage circuit had to drop out 
before those on the low voltage circuit were energized. 
This was essential to protect the flash welder transformer 
from a dead short circuit, but was objectionable from the 
standpoint that the tap changing operation interrupted 
the welding cycle for a period of six or seven cycles’ dura- 
tion. In general, this interruption was not perceptible 
to the naked eye, but was measured by means of an 
oscillograph. 


Variables 


In making an investigation of flash welding, the follow- 
ing variables have to be kept in mind: 


Amount of burn-off. 

Speed of burn-off. 

Amount of upset. 

Preparation of raw material. 

Upset pressure. 

Vertical or horizontal clamping dies. 
Transformer taps. 

Point of tap changing. 


In reviewing the above list, it is obvious that in order 
to obtain complete data on the effect of each item it 
would be necessary to make a very large number of welds. 
Since neither the time nor the money was available for 
conducting experiments on such a vast scale, values for a 
number of these variables were selected on the basis of 
previous experience. In this way, the total number of 
welds was considerably reduced. 

There is no point in giving a list of all the welds made. 
Many of them were of a preliminary nature and a tabu- 
lation of welding conditions which gave the best results 
is given in Table 2. 


Method of Selection for Test 


For those experienced in the flash-welding process, it 
is not a difficult matter to make a preliminary appraisal 
of the quality of a flash-welded joint from external ap- 
pearance. An evaluation of the quality of a weld by 
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Weld Size 


3'/2-in. diam., S.A.E. 


9.62 sq. in. 


4'/,-in. diam., S.A.E 
15.90 sq. in. 


5*/s-in. diam., S.A.E. 


23.76 sq. in. 


4'/>-in. diam., NE 
15.90 sq. in. 


4-in. squares, NE 


16.00 sq. in. 


* The term “void” is used to describe an imperfection appearing at the surface in the weld line. 


1020, 


1020, 


1020, 


9440, 


8620, 


with any material width. 


High Tap 
§/,in., 11.8 v. 
®/i¢in., 11.8 v. 


9/1¢in., 11.8 v. 
$/, in., 11.8 v. 

25 39 in., 14.1 v. 
14.1 v. 


3/,in., 14.1 v. 


13/,,in., 14.1 v. 


1/16 in., 15.5 Vv. 
in., 15.5 v. 
7/sin., 15.5 v. 


18/1, in., 15.5 v. 


9/32 in., 12.9 v. 


21/3 in., 14.1 v. 


9/16 in., 12.9 v. 


17/39 in., 12.9 Vv. 
17/50 in., 14.1 v. 
14.1 v. 


in., 14.1 v. 
in., 14.1 v. 
5/16 in., 12.9 v. 
1/,in., 14.1 v. 
9/.¢in., 14.1 v. 
in., 12.9 v. 
in., 12.9 v. 


Table 2 
Burn-Off Total 
Low Tap otal, In. Upset, In. Loss, In. Remarks About Weld Line 

9/6 in., 8.5 v. 13/16 7/16 15/, Three voids* barely visible 

'/, in., 8.5 v. 1"/i6 7/16 One void and five pinholes barely 
visible 

1/, in., 8.5 v. 11/16 1!/, Two voids 

1/, in., 8.5 v. 1'/s 1/4 15/, Three voids barely visible 

in., 10.7 v. 19/39 125/35 Five pinholes 

in., 10.7 v. 15/16 1/, 1'3/16 Four pinholes and two voids 
barely visible 

'/,in., 10.7 v. 1'/, 17 / 50 125 Five pinholes barely visible 

1/, in., 10.7 v. 15/16 113/16 Several pinholes barely visible 

in., 11.3 v. 13/16 1/, Two pinholes 

7/16 in., 11.3 v. 15/16 9/16 17/, Two small holes and one pinhole 

11.3 v. 15/16 9/16 Several voids barely visible 

1/,in., 11.3 v. 15/16 9/16 17/5 One small void and four pinhole 

in., 10.0 v. 15/5. 5/s 125/35 Six pinholes 

*/ig in., 10.7 v. 17/30 21/55 One pinhole 

in., 10.0 v. 1'/, 23/50 131/56 One pinhole 

23/,, in., 10.0 v. 1'/, 3/, 2 Three pinholes 

27/s in., 10.7 v. 13/s 5/5 2 Five pinholes /2 in. welds 

1/, in., 10.7 v. 13/16 13/16 2 One pinhole 

in., 10.7 Vv. 1! 25/30 2! Three pinholes 

3/,in., 10.7 v. 3/, /16 No visible flaws 

3/,in., 10.0 v. 11/16 25 / 127/30 No visible flaws 

10.7 v. 13/16 7/39 Two pinholes 

21/5. in., 10.7 v. 17/39 13/16 2'/s0 No visible flaws) 4 in. sq. welds 

11/,,in., 10.0 v. 13/16 27/30 21/30 No visible flaws 

in., 10.0 v. 13/16 27/59 21/s9 No visible flaws 


They appear as thin dark lines, seldom 
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visual inspection does not, of course, give any indication 
whatsoever of the metallurgical properties or effects 0! 
chemical composition on the physical properties of th: 
weld. Rather, the external appearance can give an in 
dication of whether the welding conditions have been 
satisfactory from a purely mechanical standpoint onl) 
In the case of all welds made in this series, the prelim- 
inary determination of quality of joint was made by 
examining the flash or extruded metal. It does not fol 
low that, because a weld at this stage presents a satis- 
factory appearance, it is necessarily a good weld. On thi 
other hand, an unsatisfactory appearance can almost in 
variably be a definite indication of a poor quality wel‘ 
A closer indication of weld quality (again from the stand 
point of proper welding conditions only) is the appearanc 
of the joint after the flash has been removed. Ii, alter 
removing the flash by chipping, the joint is ground and 
lightly etched with a suitable reagent, the quality o! the 
weld can be judged very closely. Figure 4 shows a we 
in a 4!/2-in. round with insufficient upset. This wel’ 
would be rejected on the basis of its external appearance: 
Figure 5 shows a flash-welded joint with sufficient ups! 
Comparing the two, it will be noted that in the wel’ 
shown in Fig. 5 the extruded material has flared outwar® 
so that the bottom of the ‘“‘V”’ is visible. This c miditiot 
is typical of a weld made under proper welding conditions 


Method of Testing 


The best method of conducting tests of any lary: flash 


welded joint is largely a matter of opinion. [In coun’ 
tion with flash welds of the dimensions being discuss 
the writer feels that the truest test would be one 
the complete joint is used as a test piece. Tits “pp . 


not only to static testing, but also to fatigue testing. 
the ordinary testing laboratory, this 1s unpre’ ble 
since there are very few machines in the county ‘ i 
of testing even a 3!/2-in. round as a solid piece. 
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ASV 
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ASN 


ASN 


ASN 
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ASAS 
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Table 3—3'/,-In. Diam. Flash Weld—Physical Properties. S.A.E. 1020 Steel 


Yield Point, 
Psi. 
44,000 
42,500 
44,000 
37,000 


43,000 


41,500 
33,200 


36,000 


35,500 


Table 4—4'/,-In. Diarn. 


Yield Point, 
Psi. 
38,000 
38,900 
41,000 
39,000 
"35,500 
35,000 


necessary, therefore, to resort to conventional tests of 
typical samples cut from the joint and make interpre- 
tations of the efficiency of the joint as a whole on the 
basis of these small-scale tests. 


In this case, the test 


Tensile Strength, 
Psi. 
69,500 
72,000 
72,500 
64,000 


70,500 


70,500 
64,500 


65,500 


69,500 


samples consisted of 0.505-in. tensile test, */s-in. side 
bends, hardness surveys, macro and micro examination. 


Elongation Reduction 
in2In.,% Area, 
26.0 56 
22.5 62 
22.5 55 
32.5 68 
16.0 
37.5 65 
25.0 50 
13.5 29 
29 


In the case of the S.A.E. 1020 steel, tests were made in 
three conditions of heat treatment: 


1. As-welded. 
2. Normalized. 
3. Annealed. 


ysi 
Tensile Strength, Elongation Reduction 
Psi. in2In.,% £Area, % 
64,000 27.5 59 
69,200 26.0 60 
64,000 23.0 53 
67,000 33.0 60 
63,000 32.0 60 
65,500 24.0 56 


Flash Weld—Ph 


OF 
/0 


ical Properties. S.A.E. 1020 Steel 


Remarks 


Very little diffused metal in weld. Cup-cone 
break 1 in. from weld 

Diffused metal in '/, of weld. Cup-cone break 
1'/, in. from weld 

Diffused metal in ?/; of weld. Cup-cone break 
1 in. from weld 

Diffused metal in */; of weld. Cup-cone break 
1'/, in. from weld 

One very large spot of diffused metal from which 
break started and continued diagonally on 
both sides of the weld along the flow lines 

One spot of diffused metal. Cup-cone break 
1/, in. from weld 

A little diffused metal in weld. Broke in weld, 
partly cup-cone and partly diagonally along 
flow lines both sides of weld 

Weld practically all diffused metal, Break 
started in diffused metal and continued diago- 
nally along the flow lines both sides of the 
weld 

Weld half diffused metal. Break started from 

diffused metal and continued diagonally along 

the flow lines both sides of the weld 


Remarks 

A little diffused metal in '/, of weld. Cup-cone 
break */, in. from weld 

One spot of diffused metal. Cup-cone break 
1'/s in. from weld 

No diffused metal. Cup-cone break 7/; in. from 
weld 

No diffused metal. Cup-cone break 7/, in. from 
weld 

Weld all diffused metal. Cup-cone break '/, in 
from weld 

Two-thirds of weld diffused metal. Half of 
break cup-cone '/, in. from weld and other 
half along the flow lines on the same side of 
the weld 


‘ly 
ids 
Identifica- 
tion No Condition 
ole ASW1 As-welded 
ASW2 As-welded 
ASW3 As-welded 
ASN1 Normalized 
ds 
ASN2 Normalized 
A8SN3 Normalized 
ASAI Annealed 
eld 
ASAQ Annealed 
dom 
ASA3 Annealed 
tion 
Ss ol — 
the 
1 in identifi 
lentihca- 
a tion No. Condition 
‘in As-welded 
e by BSW2 As-welded 
t fol 
Normalized 
n the B8N2 Normalized 
st in 
weld B8Al Annealed 
and 
Annealed 
rance 
after 
1 and 
of the = 
weld 
weld 
vance 
ipset lentifica- 
weld tion No. Condition 
tward C6W1 As-welded 
ditio! 
‘OW2 As-welded 
C6W3 As welded 
C6N1 Normalized 
L6ON2 Normalized 
asp 
nec ‘6N3_ Normalized 
uussed 
winch CBAL Annealed 
Annealed 
nctical C6A3 Annealed 
:pable 
It 1S 


Table 5—5'/.-In. Diam. Flash Weld—Physical Properties. S.A.E. 1020 Steel 


Yield Point, 
Psi. 
43,500 
41,500 
37,500 
37,000 
41,700 
37,500 
30,500 
33,500 
33,000 


Tensile Strength, 


Psi. 


68,000 
66,500 
64,500 
63,000 
67,900 
65,000 
60,500 
59,500 
59,500 


Elongation 
/0 


in 2 In., 
25.0 


22.5 


Reduction 


Area, % 


63 
56 
62 


24 
21 


oO 


Remarks 

Two porous spots in weld. Cup-cone break !°/ i 
in. from weld 

No diffused metal. Cup-cone break 7/5 in. from 
weld 

One large spot of diffused metal. Cup-cone 
break °/s in. from weld 

No diffused metal. Cup-cone break 5/, in. from 
weld 

One porous spot and a little diffused metal in 
weld. Cup-cone break '/, in. from weld 

One small diffused metal spot in weld. Cup-cone 
break !/, in. from weld 

No diffused metal in weld. Hair crack in weld. 
Cup-cone break '/; in. from weld 

Cracked in weld. Very little diffused metal in 
weld. Broke squarely across weld 

Cracked in weld. Very little diffused metal in 

weld. Broke in weld and diagonally along the 

flow line both sides of the weld 


35.0 
34.0 61 
30.0 60 
30.5 67 
\ 
28.0 58 | 
15.0 | 
12.5 
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LINE IDEN. NO. DEFLECTION 
/ \ ABN 0.0061" | 
i ABA 0.0056 
B8N 44 0.0022 
+ / C6N 52. 0.0036" 
3" 3" C6A 53 0.0035" 


LOCATION OF BEND SPECIMENS 


Fig. 7 
S.A.E. 1020 FLASHWELD SPECIMENS 


2 


S.A.E.1020 PARENT METAL SPECIMENS 


5} DIA. 


Fig. 8 


In order to ensure that the variable of one joint from gives a tabulation of the physical properties of the parent 
another was not added to that of the different conditions metal and the location of the specimens in Fig.5. _ 
of heat treatment, each weld was cut into three equal The location of side-bend specimens is shown in ig. ! 
sections as shown in Fig. 6, which were then tested in the and a group of typical bends in-Fig. 10. No tabulation 
three conditions; that is, as-welded, normalized and an- of the results of side bends is given since, in the case 0! 
nealed. Any such tests of welded joints lose much of 

their meaning unless compared with results of tests of 


parent metal specimens. Therefore the same procedure *; | 9" 
was adopted for testing parent metal specimens in the “ 
same conditions of heat treatment. \ir oases 
L 


Results of Flash Welds in S.A.E. 1020 Steel 


LINE 
AREA - 0.192 SQIN 


The results of tests of the physical properties of samples 
taken from 3'/2-, 4'/.- and 5'/s-in. diam. welds are shown 
in Tables 3, 4 and 5, respectively, and the position of each REDUCED SECTION TENSILE TEST 
test specimen in the joint is shown in Fig. 7. Table 6 Fig. 11 


I" 
S 3/4 DIA 


NOTCH I/I6R WELD LINE 
AREA - 0.200 SQ.IN 


REDUCED SECTION TENSILE TEST 
Fig. 12 
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Table 6—Bar Stock—Physical Properties. S.A.E. 1020 Steel 


Identification Yield Point, Tensile Strength, Elongation Reduction 
No. Condition Psi. Psi. in 2 In., % Area, % Remarks 

AaR1* As-rolled 37,200 76,500 31.0 51 Cup-cone break 
AaR2 As-rolled 55,000 79,000 26.0 56 Cup-cone break 
AaR3 As-rolled 52,000 78,000 26.0 56 Cup-cone break 
AaN1 Normalized 38,700 80,000 32.0 55 Cup-cone break 
AaN2 Normalized 40,200 78,000 32.0 59 Cup-cone break 
AaN3 Normalized 39,500 78,500 32.0 59 Cup-cone break 
AaAl Annealed 37,400 75,000 27.0 48 20° break 

Aa A2 Annealed 37,200 70,500 27.0° 46 20° break 

AaA3 Annealed 37,700 73,000 29.0 49 20° break 

BaR1 As-rolled 37,000 67,000 36.0 62 Cup-cone break 
BaR2 As-rolled 38,000 67,000 34.0 62 Cup-cone break 
BaN1 Normalized 41,800 67,000 36.5 69 Cup-cone break 
BaN2 Normalized 41,200 71,000 34.0 65 Cup-cone break 
BaAl Annealed 37,000 66,000 35.0 56 Cup-cone break 
BaA2 Annealed 40,100 69,500 32.5 56 Cup-cone break 
CaR1 As-rolled 31,000 64,500 35.0 55 Cup-cone break 
CaR2 As-rolled 34,600 68,600 27.5 55 Cup-cone break 
CaR3 As-rolled 40,000 65,500 31.0 59 Cup-cone break 
CaN1 Normalized 39,100 65,000 37.0 62 Cup-cone break 
CaN2 Normalized 36,000 67,000 36.0 62 Cup-cone break 
CaN3 Normalized 39,800 70,500 35.0 65 Cup-cone break 
CaAl Annealed 36,200 64,000 35.0 62 Cup-cone break 
CaA2 Annealed 34,800 67,500 34.0 59 Cup-cone break 
CaA3 Annealed 37,200 66,500 35.0 59 Cup-cone break 


5.A.E. 1020 steel, all the side bends bent to 180° without 
iracture in all conditions of heat treatment. 

At this stage it does not seem advisable to draw com- 
plete conclusions from the results of flash welding S.A.E. 
\020 steel, as final conclusions were influenced by the 
results of work done on the other two types of steel. It 
s, however, appropriate to discuss the results since they 
materially affected the subsequent program and, on the 
basis of the above work, some very definite conclusions 
an be reached. 

Reviewing the results of tests of physical properties 
given in Tables 3, 4 and 5, it can be seen that in almost 
‘very case the break occurred at some distance from the 


weld line in all three conditions of heat treatment. This 
indicated that the weld and the zone immediately ad- 
jacent to it were stronger than the rest of the test piece. 
This raised the question regarding the strength of the 
weld itself and, in an attempt to evaluate this, some speci- 
mens of the type shown in Fig. 11 were tested. Failures 
again occurred remote from the weld line and some pre- 
liminary tests were made with specimens of the type 
shown in Fig. 12. While a more complete investigation 
of notched tensile specimens* was not carried out until 


* The work described here on notched specimens was very similar to that 
described by Kilger?. This was purely coincidental, as the results of Kilger’s 
work? were, unfortunately, not available at the time that this work was 
carried out. 


Table 7—Tensile Strengths of S.A.E. 1020, NE 9440 and NE 8620 Flash-Welded and Parent Metal Specimens 


Strengths Are in 1000 Psi. 


4'/.-In. Diam. 4-In. Square 


3'/2-In. Diam. S.A.E. 1020, 4'/:-In. Diam. S.A.E. 1020, 5'/2-In. Diam. S.A.E. 1020, ‘NE 9440, NE 8620, 
9.62 Sq. In. 15.90 Sq. In. 23.76 Sq. In. 15.90 Sq.In., 16.00 Sq. In., 
Regular Notched Regular Notched Regular Notched Regular Regular 

wr 0.505’s 0.505’s 0.505’s 0.505’s 0.505’s 0.505’s 0.505’s 0.505's 
Unwelded 77.8 90.7 67.0 87.3 66.2 86.2 82.0 

Welded 71.3 104.2 66.6 95.3 66.3 89.2 87.5 
vormalized 

wana 78.8 92.1 69.0 87.0 67.5 86.2 120.8 89.0 
Sa Re 68.3 86.5 65.5 88.3 65.3 78.7 120.0* 88.0 

waned 72.8 87.1 67.3 82.3 66.0 84.8 107.0 79.3 
—— 66.5 82.3 64.3 84.8 59.9 75.3 96.8 79.5 


and normalized. 
Neuen’ are averages of at least three tests. 
‘otched specimens machined in accordance with Fig. 12. 


Table &—Strength of Notched 0.505's Expressed as a Percentage of the Stre 
Conditions of Heat Treatment. 


of Regular 0.505's in Corresponding 
S.A.E. 1 Steel 


Size of Flash W ld ye Parent Metal Specimens —~ ——————Flash-Welded Specimens———_—_. 
3'/+In. Dj e As-Rolled, % Annealed, % Normalized, % As-Welded, % Annealed, % Normalized, % 
4/-In, Dian 113 120 113 146 124 128 
5/eIn. Diam’ 130 122 126 143 132 135 

; m. 130 129 128 135 126 121 
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\ 
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! 
* Prefix A signifies 3'/. in. diam.; B, 4'/, in. diam.; C, 5*/2 in. diam. P 
| 
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Table 9—Strength of Notched Flash-Welded 0.505’s Ex- 

ressed as a Percentage of the Strength of Notched Parent 

Metal 0.505’s in Corresponding Conditions of Heat Treat- 
ment. S.A.E. 1020 Steel 


As-Welded/As- 
Rolled, % 


Size of Flash 


Weld Annealed, ©) Normalized, % 


3!/2-In. Diam. 115 95 94 
4'/,-In. Diam. 109 103 102 
5'/e-In. Diam, 104 89 91 


after the investigation of the NE 9440 and NE 8620 
steels, the results are given here as they were made on 
the S.A.E. 1020 steel only and, therefore, should be con- 
sidered in any discussions of this type of steel. 


Notched Specimens* 


Specimens were tested in the as-welded, annealed and 
normalized conditions and, in every case, parent metal 
specimens were also tested in the same conditions of heat 
treatment. It is well known that the effect of a notch 
of the type shown in Fig. 12 has the apparent effect of 
raising the strength of the steel. Actually the higher 
tensile strength observed is due to the fact that failure 
occurs in pure tension whereas in the normal type of 
0.505-in. tensile test specimen, failure occurs along the 
shear planes of the grain structure. The above values, 
therefore, give the cohesive strength of the steel. 

Quantitative values obtained from notched specimens 
are given in Table 7. In an attempt to throw more 
light on the strength of the flash-weld plane, Table 8 has 
been made up to show the strength of notched tensile 
specimens expressed as a percentage of the strength of 
regular tensile specimens from parent metal and flash 
welds. Table 9 shows the strength of notched flash- 
welded specimens expressed as a percentage of the 
strength of notched parent metal specimens. 

Analyzing the results given in Table 8, it will be noted 
that the cohesive strength of the flash-welded specimens 
in relation to their shear strength is higher in almost 
every case than corresponding values for the parent 
metal. 

It is important to realize that the values given in Table 
8 are ratios between notched and unnotched specimens. 
The figures in Table 9, however, are ratios between 
notched welded specimens and notched parent metal 
specimens from which a direct comparison of the cohesive 
strength of the flash weld can be made with that of the 
parent metal. Here it will be noted that in the annealed 
and normalized conditions the cohesive strength of the 
weld is less than that of the parent metal whereas in the 
as-welded condition the cohesive strength is higher. 


Preliminary Conclusions 


From the data obtained in the above series of tests, 
one very important conclusion was arrived at, which was 


* See footnote on previous page. 


substantiated by subsequent work on the large machine 


referred to previously. In examining all of the 5'/,;y 
welds, it was noted that none was completely free of flaws 
The flaws referred to were noted after the flash had beey 
chipped and ground and the whole specimen lightly 
etched. The area of a 5'/2-in. round is approximately 
24 sq. in. and it was evident that the flash welder being 
used did not have sufficient upsetting force to produce , 
complete weld in a solid 5'/s-in. round. 
work done on the same machine, a number of sections o/ 
30 sq. in. had been successfully flash welded in spite ¢ 


the fact that the type of steel being used at that time had 
a tensile strength of about 80,000 psi. in the as-rolled 
This is a very important factor in the design 


condition. 
of large capacity flash welders. 


Kilger? and other authorities have stated that, ix 


flash welding, a ‘‘weldability factor” is important in th 
making of a successful flash weld. This ‘“‘weldabilit 
factor” has been expressed as the ratio between the per 
iphery and the cross-sectional area. It is obvious that 


for a circle this value is a minimum and is equal to 4/), 


where D is the diameter. 

In discussing this ‘‘weldability factor’’ the various 
authorities have stated that the higher this ratio th 
greater was the ‘‘weldability’’ of the section, but without 
giving any specific definition of what they meant by th 
term ‘“‘weldability.”” As in other types of welding, this 
is a very illusive term, difficult of specific definition, sinc 
so many factors affect the final result. 

When discussing the “‘weldability factor,’’ one must 
think strictly in terms of the mechanics of closing th 
abutting surfaces of the pieces with the object of produc- 
ing a weld free from mechanical flaws or voids. This has 
no bearing at all on the chemical analysis of the steel or 
the effect of welding heat on the steel by virtue of its 
chemical analysis. 

In considering the upsetting part of the flash-welding 
cycle, it is clear that, at the start of upset, the materul 
in contact is in a highly plastic state approaching th 
molten. As upsetting progresses, the more plastic ma- 
terial is forced to the periphery. At the same time, thi 
plastic material nearest ‘the center is restrained from 
flowing outward by the presence of steel nearer the per- 
iphery which is already bonded together. The tendenc) 
therefore, is for a fluid pressure to be set up at the center 
the value of which decreases to zero at the periphery 
It is clear that the larger the cross-sectional area, and th 
more concentrated in form, the higher this fluid pressut' 
will be. In order to achieve an optimum amount ol up- 
set, a much higher total pressure would have to be used 
for a given concentrated area than if the same area Wer 
more distributed; that is, if the ‘‘weldability factor 
were higher. 

The meager figures that are available for unit pressure 
required to flash weld various types of steel do not takt 
into account the degree of concentration of area, Y"' 
this series of experiments, verified by subsequent wo™ 
has proved conclusively that as the “‘weldability tact” 
increases, the unit pressure required for optimum up* 
will decrease and vice versa. 


Insufficient data 
available to enable specific values to be quoted and the 


Table 10—4'/,-In. Diam. NE 9440 Parent Metal—Physical Properties 


Identification Yield Point, Tensile Strength, Elongation Reduction 
No. Condition Psi. Psi. in2In.,% Area, % Remarks nctttte toatl 
BeA3 Annealed 52,500 107,000 22.0 39 Partly cup-cone break and partly >" ~ break 
BeA4 Annealed 52,500 107,000 22.0 39 Partly cup-cone break and partly bts 
BgN3 Normalized 70,500 121,500 20.0 47 Cup-cone break 
BgN4 Normalized 70,000 120,000 22.0 48 Cup-cone break 
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Table 11—4-In. Sq. Parent Metal—Physical Properties. NE 8620 Steel 


Identification Yield Point, Tensile Strength, Elongation Reduction 

~~ Neo. Condition Psi. Psi. in 2 In., % Area, % Remarks 
XR3 As-Rolled 41,700 82,000 29.0 60 Cup-cone break 
XR4 As-Rolled 43,100 82,000 30.0 59 Cup-cone break 
XN3 Normalized 51,200 89,000 . 28.0 60 Cup-cone break 
XN4 Normalized 51,500 89,000 29.0 60 Cup-cone break 
XA3 Annealed 50,000 79,000 32.0 60 Cup-cone break 
XA4 Annealed 50,000 79,500 30.0 60 Cup-cone break 


author offers this as a suggestion for further research. acterized by the fact that they are quite visible to the 
in the meantime, designers of large-capacity machines naked eye, yet are extremely difficult and, in some cases, 
jor flash welding concentrated areas would be well ad- impossible to locate under the microscope. A more com- 
‘ised to allow ample reserve in the values they select for plete investigation of these areas was subsequently made, 
upsetting force. the results of which are given later in the paper. The 

A careful inspection of Fig. 10 will show some wide _ reference in Tables 3, 4 and 5 to “‘diffused”’ metal refer to 
bands straddling the weld line. In the first and third these wide bands. 


Table 12—4-In. Sq. NE 8620 Flash Weld—Physical Properties 
identification Yield Point, Tensile Strength, Elongation Reduction 


No. Condition Psi. Psi. in2In.,% Area, % Remarks 

X1W5 As-welded 87,500 15.0 56 Cup-cone break in. from weld 

X1W6 As-welded » 88,500 14.0 56 Cup-cone break 1'/;. in. from weld 

X1W7 As-welded af 85,500 15.0 56 Cup-cone break 1!/)5 in. from weld 

X1W8 As-welded a.. 87,500 14.0 57 Cup-cone break 1'/;. in. from weld 

X3N5 Normalized 56,500 88,000 18.0 34 Jagged break partly in weld and partly '/j in. 
on one side of weld 

X3N6 Normalized 55,000 89,000 22.0 55 Cup-cone break in weld 

X3N7 Normalized 55,000 88,000 21.0 56 Cup-cone break in weld 

X3N8 Normalized 55,000 87,000 21.0 55 Cup-cone break in weld 

X4A5 Annealed 49,500 76,500 13.0 26 Broke squarely across weld 

X4A6 Annealed 50,000 80,000 22.0 36 Break started in weld and went along flow 
lines on one side of weld 

X4A7 Annealed 50,000 79,500 20.0 37 Break started '/; in. from weld and went away 
from weld along flow lines 

X4A8 Annealed 49,800 79,750 22.0 40 Broke half in weld and half along flow lines on 
one side of weld 

_X4A9 Annealed 49,400 78,500 24.0 37 


Break started !/s in. from weld and went away 
from weld along flow lines 


* Vield point not readable. 


specimens from the left, the weld line is very clearly de- NE 9440 Steel 
ined as a thin white line. The second from the left 
ppears as a wide band, whereas the one on the extreme Work on this type of steel was confined entirely to 


night consists partly of a wide band and partly of a thin 4'/,-in. rounds and the welding conditions used were 
ine. At the time that these tests were carried out, it established on the basis of the earlier experiments. On 
vas not known what these wide bands were nor their sig- the basis of these experiments, no difference could be 
uheance. In general, it can be said that they are char- found in the quality of welds made with either the ver- 


Table 13—4'/,-In. Diam. NE 9440 Flash Weld—Physical Properties 


tatification Yield Point, Tensile Strength, Elongation Reduction 
aan. Condition Psi. Psi. in2In.,% Area, % Remarks 
BI5Al Annealed Not readable 95,500 8.0 16 


Granular break */\, in. from weld, half along 


BISAD flow lines and half directly across the piece 
ons Annealed 52,000 96,500 8.0 17 Granular break '/; in. from weld, half along 
B15A3 flow lines and half directly across the piece 
~_ Annealed 51,400 96,000 9.0 17 Granular break '/, in. from weld, mostly 
directly across the piece and a little along 
BISA4 flow lines 
ei Annealed 53,500 99,300 8.0 16 Granular break '/s in. from weld, half along 
BION] : : flow lines and half directly across the piece 
; Normalized 74,000 123,000 11.0 17 Brittle break directly across the piece '/s in. 
ion -\ormalized 68,000 118,000 11.0 19 Brittle break mostly directly across weld line 
BI9N3 xt : and a little cup-cone near periphery 
-\ormalized 67,000 118,000 11.0 20 Brittle break directly across the piece */;¢ in. 
BlgN4 from weld 
Normalized 71,000 109,000 4.0 5 


Brittle break directly across weld starting 
from flaw in weld 
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tical or horizontal dies. Every weld made in the S.A.E. 
1020 steel was sectioned longitudinally, in order to con- 
. duct a macro examination of a cross section through the 
weld. It might have been expected that the heat- 
affected zone would have a different pattern when using 
the vertical dies as compared with those obtained by 
using the horizontal dies. No variation, however, was 
found and since the horizontal dies, Fig. 3, were easier to 
use, all welds in the NE 9440 steel were made using this 
type. 

The same method of visual examination was used as a 
means of selecting specimens for tests. Due to the 
hardenability of this type of steel, it was found very diffi- 
cult and time-consuming to saw the specimens in the 
as-welded state. All specimens, therefore, had to be an- 
nealed before cutting and it is for this reason that no 
values are available for welds in the as-welded condition. 

Table 1 gives the physical properties originally speci- 
fied for the material to be used in the 8-in. rounds. This 
table also shows comparative values obtained using NE 
9440 steel which were given the following heat treatment: 
normalized at 1650° F.; quenched from 1550° F.; 
drawn at 1150° F. 

In all cases the specimens for 0.505-in. tensile tests 
were cut into */,-in. squares and fully heat treated before 
turning. The */s-in. side bends were cut to '/2 x 1 in. 
and likewise heat treated before machining. 

Table 10 shows physical properties of the NE 9440 
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parent metal in the annealed and normalized conditions 
Table 13 gives the physical properties of flash-welde; 
joints. 


NE 8620 Steel 


The conditions for flash welding the 4-in. squares of 
NE 8620 steel were the same as those for flash welding 
the 4'/,-in. rounds. A total of five welds was made, th 
welding conditions being given in Table 2. Results oj 


tests on the parent metal are given in Table 11 and th 
results of the flash-welded joints are given in Table |? 


Residual Stresses 


Some consideration should now be given to the state of 
residual stress in which it is to be expected a flash weld 
of concentrated section might be found in the as-welded 
condition. Immediately on completion of welding it 
may be assumed that the temperature is reasonably uni- 
form across the flash-weld area. Loss of heat takes plac 
by two means: 


1. - By conduction back into the cold metal, which can 
be assumed to be reasonably constant. 
2. By radiation to the atmosphere. 
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Since the latter can only take place from the outside, 
the surface immediately starts to cool off and in doing so 
tends to contract. Since the inside, however, is at a 
uigher temperature than the outside and cannot deform 
lue to being almost completely restrained, the outside 
ibers eventually yield in tension. The outside fibers 
therefore become elongated. As the section approaches 
oom temperature, the center section tries to return toits 
mginal length, but is restrained from doing so by the 
uutside fibers, due to the fact that the latter had become 
‘longated during the initial stages of cooling. It then 
secomes obvious that a reversal of stress gradually takes 
place, the final result being a state of tensile stress in the 
= which is balanced by a compressive stress at the 
utside. 

_ In the earlier part of this paper it was stated that 
‘pecimens were cut up into three sections as shown in 
“ig. 6. When this was done in specimens in the as- 
Welded condition it was noted that each section warped 
's shown in Fig. 6. The deflection of a number of speci- 
a Was measured and is tabulated in Fig. 6. While 
om _— numerical values of deflection are small, it can 
on own that, in order to produce a like deflection in 
‘ pecans by mechanical loading, the maximum 
silarae ts would, in many cases, be well over the yield 
pe the material. This supports the theory of resid- 

Y €ss in a flash weld and raises an interesting point. 

quite evident, of course, that considering a member 
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of this cross section as a simple beam does not at all sim- 
ulate the conditions existing in the flash-welded specimen 
as a whole. In the latter case, there undoubtedly exists 
a severe condition of multiaxial stress of complex nature, 
which makes any interpretation of conditions of stress 
meaningless when considered from the ordinary stress- 
strain theory of elastic deformation. 

It has been established by Dr. Horger* that the impo- 
sition of a compressive stress on the outer surfaces of a 
test specimen raises the fatigue value of that specimen an 
appreciable extent. Since the residual stresses in a flash 
weld in the as-welded condition produce this same con- 
dition of compressive stress in the outer fibers, it is quite 
conceivable that the fatigue strength of large sections is 
higher in the as-welded condition than in any other con- 
dition of heat treatment. Much research work can be 
done along these lines to attempt to verify this theory. 


Hardness Surveys 


Considerable work was done conducting hardness sur- 
veys of the three types of steel and while nothing new 
was established regarding hardness of flash welds, some 
remarks on this phase of the work are of interest. The 
hardness variation in the S.A.E. 1020 steel was of small 
order and the NE 8620 steel, which is of medium harden- 
ability, showed hardness values in accordance with ex- 
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pectations. Consequently, only hardness curves for the 
NE 9440 are given here as they will be used to illustrate 
certain phenomena which are typical of flash-welded 
joints. 

Figure 13 gives curves of hardness across various longi- 
tudinal sections of a 4'/,-in. round flash weld in NE 9440 
steel in the as-welded condition. It will be noted that in 
some of the curves, there is a slight drop in the hardness 
value at the flash line. This is quite typical of flash 
welds and while some of the curves do not show this phe- 
nomenon, this can be ascribed to the fact that all hardness 
readings were taken with a Rockwell hardness tester and 
converted to Brinell values. The flash line is such a nar- 
row band that a micro hardness tester should be used in 
order to ensure that the readings represent hardness of 
the actual flash line without including any adjacent heat- 
affected metal. 

It will be noted that the curves in Fig. 13 drop gradu- 
ally as the distance from the weld line increases, this 
drop becoming more rapid until a low point is reached on 
each side of, and equidistant from, the flash line. The 
hardness then increases a slight amount to stabilize itself 
at the level of the unaffected parent metal at a distance 
between */, and 1 in. from the flash line. : 

While no tensile tests were made of the NE 9440 steel 
in the as-welded condition, many were made on the other 
two steels and in this condition a peculiar phenomenon 
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manifests itself. During the course of a tensile test, 9 
can observe that the drop of the beam of the tensile teg. 
ing machine occurs twice within a very short space ¢ 
time. On occasion, this drop of the beam, signifying; 
double yield, will occur in quick succession with little , 
no increase in the applied load. At this time a neckiny 
down of the specimen can be detected on each side of thy 
flash line at a distance from the weld which, in the cas« 
being reported, was '/2 to */, in. from the flash line. 

While the curves of hardness shown in Fig. 13 are {i 
the NE 9440 steel, they are typical in general trend ¢ 
hardness for any steel in the as-flash-welded conditio; 
They can, therefore, be used for the purpose of gener 
discussion. 

Reviewing the condition of double yield in conjunctic: 
with these hardness curves, it can readily be realized tha 
the increase in hardness signifies a change in physical 
characteristics. Hence, a flash-welded specimen in th 
as-welded condition can be expected to consist of a wide 
band having variable physical characteristics generally 
symmetrical about the flash line. Therefore, when sub. 
jected to a load exceeding the yield point, yielding takes 
place at the sections where the hardness is a minimum 
that is, at those sections indicated by the minimum hard 
ness in the curves in Fig. 13. There can be no question 
that double yielding and double necking take place in 
every flash-welded tensile test specimen. While in some 
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Fig. 16—4'/yIn. Diam. Flashweld in NE 9440 Steel; As-Welded 


specimens it 1s hardly perceptible, in others it is very no- 
ticeable and the double necking is distinctly visible to the 
unaided eye. 

This explanation appears to be plausible when it is 
applied to specimens in the as-welded condition and it 
would be expected that any form of heat treatment which 
carries the specimen beyond the upper critical tempera- 
ture would remove any effects such as have been de- 
scribed. Figures 14 and 15 which show hardness curves 
of NE 9440 flash-welded specimens in the annealed and 
heat-treated conditions respectively, demonstrate that 
heat treatment of this type reduces the hardness value to 
a reasonably constant value when allowance is made for 
permissible variations in observed readings and convert- 
ing from Rockwell to Brinell. Since there is no addition 
of any filler metal, as in most other forms of welding, it is 
quite logical that this uniformity of hardness should be 
obtained between the affected and unaffected metal. 

It isa very important peculiarity of flash welds that in 
spite of any form of heat treatment, the phenomenon of 
double yielding still takes place, with the attendant 
double necking of the specimen at points on each side of 
the flash line. The author is at a loss to explain this 
phenomenon and offers it as a subject for future research. 
The change of direction of the original grain flow due to 
upset, as illustrated in Fig. 16, undoubtedly has some 
bearing on this phenomenon, though this may not serve 
as a complete explanation. 

It is important to realize that this double necking char- 
acteristic of flash welds has an influence on the values for 
elongation and reduction of area. Therefore, until this 
phenomenon has been satisfactorily explained, it is not 
possible to place too much emphasis on the values for 
elongation and reduction of area when comparing them 
with similar values for the unwelded metal. Invariably, 
the elongation and reduction of area of a flash-welded 
jot will be lower than the unwelded parent metal, but 
before passing judgment on the significance of these lower 
values, the author suggests that the effects, if any, of 
these lower values on the final product be established con- 
lusively. The same reasoning applies to the values 
obtained for angle of bend, particularly in the more 

hardenable steels. 

Pree any case, the validity of taking elongation and re- 

+ m of area readings across a flash weld is question- 
‘dle. It is not usual practice to take these readings 
“cross an are-welded specimen since it is generally ac- 
fe that these data are meaningless. It is customary 

> make up all weld-metal specimens and obtain elon- 
oem eee reduction of area from these. Obviously, 

'S is impossible in a flash weld. 
bares it should be mentioned that the maximum 
Pr a ' re in the flash welding of NE 9440 steel, 
13, was about 275 Bhn. If this steel 
leiden welded without preheating, the maximum 

ss would undoubtedly be well over 400 Bhn. 
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From this standpoint, one could infer that the ‘‘weld- 
ability”’ of a given steel from the metallurgical standpoint 
is better for the flash-welding process than for the arc 
process, other considerations being equal. Conversely, 
this statement could be interpreted to mean that the 
flash-welding process covers the welding of a wider range 
of steels than the arc-welding process. 


Metallurgical Investigation 


Considerable investigation of the metallurgical char- 
acteristics of flash welds was made by F. C. Wagner, who 
was associated with the author during the course of the 
work being described in this paper. The following para- 
graphs up to the beginning of the conclusions are the re- 
sult of a collaborative effort between Mr. Wagner and the 
author. 


Thermal Cycle 


As the nature of flash welding includes a rapid heating 
and cooling cycle, the microstructure found in the heat- 
affected zone of the weld is characteristic of such a cycle. 


Fig. 17—High-Carbon Structure of Cast Metal 


100 xX 
Fig. 18—Ordinary Weld Structure Adjacent to Cast Metal 
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The steep temperature gradient from the weld proper to 
the edge of the heat-affected zone causes: 


1. A differential austenitic grain size across this zone, 
a coarse structure being found near the center 
and a fine grain size at the edge. 

2. A fast cooling rate through the critical range, giv- 
ing an acicular structure which may be either 
martensitic, pseudo-martensitic or widmanstat- 
ten, depending on steel composition, welding 
conditions and size and shape of piece. 


The effects of these structures on the properties of the 
weld are those tending to make the unheat-treated weld 
stronger and harder than the parent metal, particularly 
if the parent metal is in the hot-rolled condition. 


Mechanical Working 

The amount of deformation of the steel adjacent to a 
flash-butt weld due to the pressure exerted in ‘‘pushing- 
up” is very important in making a high-quality weld. 
It is during this period that craters formed in flashing 
must be closed up. If sufficient yielding does not occur 
to eliminate these craters, they will, of course, leave cavi- 
ties in the weld. In the heavy sections which were 
examined, no evidences of cold working were apparent. 
This is pictured in the macro-etched section, Fig. 16, 
which shows that all deformation took place within the 
heat-affected zone. 


Effect of Poor Welding Conditions 

Variations in Structure—Under certain improper weld- 
ing conditions variations in structure may occur. Spe- 
cifically, if the amount of push-up on the pieces is not 
great enough or if uneven conditions of heating of the 
welding surfaces exist, pockets of molten metal may be 
entrapped in the weld line and have little or no pressure 
applied to them. Within the limits of this investigation, 
the exact manner by which these pockets of molten metal 
are formed is somewhat obscure. They are probably 
created by the passage of very high local currents at 
specific points at the instant immediately prior to upset. 
The passage of this high current has two effects: 


1. The explosive action forms a crater on each of the 
welding faces. 

2. At the same time a considerable amount of heat is 
liberated which probably melts the surfaces of 
these craters. The upsetting action causes this 
molten metal to be entrapped within the space 
formed by these two craters. 

One of two conditions may then manifest itself. This 

pocket of molten metal may solidify: 


(a) Before the upset has been completed. 
(b) After the upset has been completed. 


If, as in the first case, solidification takes place before the 
upsetting action has been completed, there will be a 
small amount of mechanical work-on this portion of cast 


metal and there will be no shrinkage voids. If, on the 
other hand, solidification occurs after the upsetting 
action has been completed, it is to be expected that 
shrinkage voids will occur since molten steel contracts by 
about 3% of its volume during freezing. The effect that 
such voids have on the ultimate strength of the joint will 
depend in large measure on the conditions of loading in 
service. Under static conditions of loading, the pres- 
ence of a few. small voids does not seem to affect the 
strength of the joint. Under fatigue loading, the pres- 
ence of voids may be detrimental. 

Microscopically, cast metal appears to be higher in 
carbon than the adjacent weld structure (see Figs. 17 
and 18). This is difficult to explain on the basis of car- 
bon segregation and is probably not due to differences in 
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of 


Fig. 19—Macro of Portion of Flash Weld Showing ‘‘Diffused Metal’ 
(Undefined Zone) ‘‘High Carbon” Section (Elongated Dark Area 
and Void Spot at Right Hand End of Dark Area 


carbon content. It is theorized, however, that in the 
cast metal, which was molten during the push-up period, 
the carbon was well diffused and that upon cooling, an 
apparently high percentage of pearlitic material is pre- 
cipitated. It is further thought that the ordinary weld 
structure immediately adjacent may go through its heat- 
ing and cooling cycle so rapidly that complete diffusion 
of carbon is not obtained, thus showing a normal percent: 
age of pearlite. 

It is probable that the wide bands visible in Fig. 1 
are areas which have been raised to a temperature 
slightly below the liquidus and the resulting partial 
diffusion of carbon is such that the affected area shows 4 
different response to macro etching. It is probable that 
for this reason these areas are readily visible to the us- 
aided eye in spite of the fact that the micro-structure 's 
almost the same as the adjacent unaffected metal. 

The structure in a flash weld may then be divided ito 
three types: 


1. Normal heat-affected metal. 

2. Diffused metal. 

3. Cast metal which may have solidified during ° 
after upset. 


Every flash weld will obviously contain type 1. It may 
also contain type 2 or types 2 and 3. We may, therelore, 
differentiate between ‘‘cast metal’’ and ‘“‘diffused metal 
This-dlifferentiation is clearly visible in the photo mict 
graph, Fig. 19. The presence of a void indicates that the 
molten metal (dark area) solidified after upset had bee" 
completed. The “‘diffused’’ zone is typical of many su“! 
zones encountered in the investigation and, as indicate? 
in Tables 3, 4 and 5, does not appear to affect the phys- 
ical properties of the weld. 

From available literature it seems to be generally & 
cepted that the presence of cast metal is due to —— 
cient push-up and an increase in the amount o! pus"? 
is all that is required to expel the molten metal. 11s0™ 
of the S.A.E. 1020 welds a certain amount of cast mets! 
was noted whereas, in the NE 9440, apparently none - 
present. The essential difference between these ¢ | 
series of welds as regards technique was that the pus vi 
on the NE 9440 was slightly greater than on the or se 
1020. On the other hand, the S.A.E. 1020 was use¢ ® 
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; the first series of tests. 


® should not be accepted too readily. 
® in. round, it is a debatable point if, for example, molten 
> metal were formed at the center of the weld in accord- 


Welding conditions, including 
= voltage control, were probably better when the NE 9440 
<teel was welded. 

» While the generally accepted explanation regarding 
5 extrusion of this cast metal to the outside may be true, 
S there are certain considerations to be borne in mind which 


Considering a 


ance with the explanation given above, that, by increas- 
ing the amount of push-up by '/s or '/, in., this metal 
could be extruded all the way to the periphery of the 
section, that is, for a distance of 2'/, in. The angle of 
the flow lines as shown in Fig. 16 would indicate that no 
such movement takes place and it is therefore suggested 
that the generally accepted explanation for the extrusion 
of cast metal be regarded with caution. It is true that 
the small amount of extra push-up will, in accordance 
with previous discussion, increase the fluid pressure tre- 
mendously, but the resistance of adjacent material to the 
expulsion of this molten metal also increases. Much re- 
search work remains to be done to establish the means by 
which molten metal is expelled from large concentrated 
area flash welds. It is possible to section a heavy weld 
at a plane parallel to the flash line and mill off thin layers. 
After each milling cut is made, the section could be 
etched and a photographic record made of each layer. 
This is a tedious process but might reveal some interest- 
ing results on the extrusion of the metal at upset. 

In the series of welds in NE 9440 steel, no cast metal 
or diffused zones were found. The absence of cast metal 
inclusions could be attributed to improved welding tech- 
nique and the absence of diffused zones could possibly be 
due to the higher hardenability of the NE 9440 steel, in 
that a type of metallographic structure was formed in 
which the diffusion of carbon or lack of it would not be 
disclosed. Considerably more investigation along these 
lines is needed to verify this explanation. 

Oxide Inclusions—The mechanics of oxide elimina- 
tion irom flash welds is not very clearly explained in 
the present available literature but the presence of oxides 
in a flash weld is usually attributed to insufficient upset 
pressure. The reasoning applied to the extrusion of 
molten metal applies equally well here, if not more so, 
and whether or not any amount of upset pressure can 
squeeze out inclusions except from points very near the 
edge of a weld is debatable. Probably the elimination of 
these oxides is due more to the prevention of their for- 
ination during the burn-off period by the characteristics 
ol the flashing than by their physical expulsion after 
lash welding. Under the proper flash-welding con- 
ditions there is a violent expulsion of metallic particles 
trom the weld interfaces during flashing. In addition, 
there is probably an atmosphere of metallic vapor sur- 
rounding the weld which, in combination with the expul- 
‘ion of metallic particles, prevents the surrounding at- 
mosphere from contaminating the flashing surfaces. 

AS the size of the section increases, it can be appre- 
— that maintaining such a protective vapor becomes 
“ss predictable. Consideration should then be given to 


Table 14—Chemical Composition of Steels 


_ Element S.A.E.1020 NE 9440 NE 8620 
oe 0.18 0.45 0.22 
Manganese 0.80 1.04 0.85 
Silicon 0.52 0.29 
Nickel 0.28 0.40 
Chromium 0 28 0 50 
Molybdenum ‘is 0 ll 0.20 
1947 


requires considerably more investigation. 


Table 15—4'/,-In. Diam. NE 9440 Flash-Welded and Parent 
Metal Side Bend Test Results 


Identi- 
fication 
No. Condition Specimen Remarks 

B15Al_ Annealed Flash weld Cracked wide open along 
flow lines at 82 

B15A2 Annealed Flash weld Broke completely at 179° 

B15A3 Annealed Flash weld Started to crack along flow 
lines at 53° 

B16N6 Normalized Flash weld Broke squarely across spec- 
imen */, in. from weld 
at 59° 

B16N7 Normalized Flash weld Broke squarely across spec- 
imen */, in. from weld 
at 31° 

BI6N8 Normalized Flash weld Broke squarely across spec- 
imen '/,in. from weld at 
34° 

BeAl Annealed Parent metal 180° bend without failure 

BeA2 Annealed Parent metal 180° bend without failure 

BdN1l Normalized Parent metal 180° bend without failure 

BdN2 Normalized Parent metal 180° bend without failure 


the possibility of flash welding in a protective atmosphere 
devoid of oxygen. 

Some work has been done along these lines by others 
and the writer has made a large number of flash welds in 
a natural gas atmosphere. The results, however, were 
not sufficiently conclusive to permit of any definite de- 
cisions on the merits of flash welding in a protective at- 
mosphere. In considering the flash welding of heavy 
sections, some thought should be given to the use of some 
kind of neutral atmosphere. More research work re- 
quires to be done along these lines. 

The problem of oxidation of the weld line is one which 
Ordinarily, 
oxide inclusions in the flash line are readily discernible 
at 100 X magnification. Where oxidation is very slight, 
its presence can be detected only at higher magnification 
and with very careful polishing technique. Aside from 
oxide formation during welding, any slag inclusions pres- 
ent in the original steel will show up in the flash weld. 


Conclusions 


The results of tensile tests in the three types of steel 
tested indicate that, as a general rule, the strength of a 
flash-welded joint is equal to or slightly below that of the 
parent metal in a similar condition of heat treatment. 
In the S.A.E. 1020 steel, however, while the tensile 
strength of the test specimens was lower than that of an 
unwelded specimen, fracture almost invariably occurred 
away from the weld line. This is a somewhat baffling 
result which requires more research. It cannot be said 
that the heat effect of the weld is a contributory factor 
toward failure since the point of fracture is nearly always 
far enough away from the joint to be completely un- 
affected by the heat of the weld. Furthermore, even 
though this were the case, any such heat effect would be 
eliminated by subsequent heat treatment. 

In the case of annealed and normalized specimens 
there is no question that any changes which occur in the 
metallurgical structure due to the effect of welding are 
completely eliminated by subsequent heat treatment. 
This trend of weakness of the tensile test specimen as a 
whole occurs in the annealed and normalized specimens 
also, and at the time of writing, the author is at a loss to 
provide a satisfactory explanation for this phenomenon. 

It will be noted from the remarks in Table 13 that fail- 
ure occurred in all of the NE 9440 welds within a distance 
of */,, in. from the weld line in both the annealed and 
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normalized conditions. As was expected, most of these 
failures occurred by shear along the flow lines. In the 
NE 8620 steel, fracture in the as-welded specimens oc- 
curred at a distance remote from the weld line at a value 
higher than corresponding values fof the parent metal 
(see Tables 11 and 12). In both the normalized and an- 
nealed conditions, however, the values are approximately 
the same as the parent metal and failure occurred either 
in or close to the weld line. 

When comparing bend specimens, a significant result 
is that all S.A.E. 1020 and NE 8620 specimens bent 
through 180° in the three conditions of heat treatment. 
In the NE 9440, however, out of three bends in each of 
the normalized and annealed conditions, all except one 
broke before bending 85°. The single exception bent to 
almost 180° before breaking very violently (see Table 15). 
This is a very interesting result and undoubtedly can be 
attributed to chemical composition. A tabulation of 
the chemical composition of the three steels is given in 
Table 14. 

It is difficult to evaluate the results of bend tests on 
the basis of chemical analysis and there is opportunity 
for further research on the effect of chemical analysis on 
weldability when regarded from the standpoint of bend 
tests. Much work has been done in an effort to evaluate 
the effect of each chemical element on hardenability and 
methods have been developed which can be used as a 
rough means of evaluating the hardenability of a given 
steel when its chemical composition is known. 

It is realized that any of these methods gives only an 
approximation of hardenability and is used here only in 
an attempt to throw some light on the reasons for frac- 
ture during bending of the NE 9440. When using 
hardenability values given by one authority,‘ it can be 
shown that the effects of the alloying elements, except 


carbon, in the NE 9440 and NE 8620 steels, are almost 


identical. Carbon, therefore, is the one element which 
has the greatest effect on the bending qualities of the 
flash-welded joint. 

It should be borne in mind, however, that unwelded 
specimens of both of these steels bent through 180° and 
it is, therefore, evident that the flash-welding process 
had some effect which appreciably reduced the bending 
qualities of one steel without affecting those of the other. 
Reviewing the bend test specimens themselves, it was 
noted that failure almost invariably occurred in the flow 
lines of the steel. These flow lines are evident in any 
rolled steel and their direction is changed by the upset- 
ting action at the conclusion of flashing, as shown in Fig. 
16. Insome earlier work done on molybdenum steel by 
the writer, it was noted that the segregation of carbon into 
bands was more pronounced after flash welding than be- 
fore. It is known that certain elements have a greater 
tendency to cause carbon segregation than others and it 
may be that this is the cause for failure occurring along 
the flow lines or bands of segregation. While the harden- 
ability due to the combination of the various elements ex- 
cept carbon in the NE 9440 and NE 8620 steels is the same, 
it is possible that the presence of a larger quantity of car- 
bon in the NE 9440 steel causes the elements which tend 
to cause segregation to become more effective in producing 
carbide bands. These carbide bands would be of greater 
hardness than the surrounding material and under bend- 
ing stresses would fail prematurely. The author would 
like to offer this as a field for research. 

While the writer has stated that too much emphasis 
should not be placed on values for elongation and re- 
duction of area in a flash-welded tensile test specimen, 
these values should not be entirely neglected. A com- 
parison of the values for elongation and reduction of area 
for the NE 9440 and NE 8620 steels shows that the NE 
8620 welds had substantially more reduction of area and 
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elongation than the NE 9440 welds, but only slightly 
less than those for S.A.E. 1020. This, in some measure. 
corroborates the theory given above regarding the for- 
mation of hard bands by various elements. 

Homogenizing by holding at a temperature of 220° 
F. for a period of 2 hr. was tried on a few specimens, 
While the results were not conclusive, there seemed to be 
an improvement in the bend qualities at the expense of 
tensile strength with no marked change in the elongation 
or reduction of area. 

Within the limits of the foregoing experiments, there 
does not seem to be any difference in results obtained by 
the use of vertical or horizontal dies, although the writer 
would like to reserve judgment on this matter until the 
flash welding of larger areas is investigated thoroughly, 

In connection with the preparation of material for 
flash welding, coning of round sections is quite effective 
in enabling the welding cycle to get started easily. In 
the series of experiments being described, the angle of 
cone was varied from 2 to 8° without any apparent effect 
on the quality of the weld. An angle of 5° was used for 
most of the tests described above. 

Reviewing the work described above, it is possible to 
state positively that the flash welding of large concen- 
trated areas is quite feasible. Work on specimens up to 
8 in. diam. done subsequent to that described in this 
paper has confirmed this and it remains to be seen what 
are the actual limits of the flash welding process. The 
flash welding of large concentrated areas introduces many 
new problems, the approach to whose solution can only 
be made gradually as equipment capable of flash welding 
larger areas is developed. 

Much research work remains to be done in this connec- 
tion. In line with many points which arose during this 
investigation, of which the writer has made mention, the 
following are offered as subjects worthy of further in- 
vestigations: 


1. The effect of ‘‘weldability factor’’ on the unit pres- 
sure required for upset. , 

2. The extent to which the danger of oxidation oi 
welding faces takes place as the “weldability 
factor’’ decreases. 

The effect on the fatigue properties of flash-welded 
joints of residual stresses in the as-welded 
condition. 

The reason fracture occurs in a test specimen at 2 
point remote from the weld line at a value less 
than that for the parent metal in the same com 
dition of heat treatment. 

The reason double-necking occurs in a tensile test 
specimen which has been heat treated. 

The nature and cause of the wide bands referred 
in this paper as ‘‘diffused metal.”’ 

Causes, effects and control of carbon segregatio" 
in flash-welded joints. 

Predictability of flash welds of steels having si" 
lar end hardenability (Jominy) curves. 
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Summary 


ik following described tests were conducted in an 


effort to determine the practicability of flash 

welding aluminum alloys and to provide informa- 
tion regarding the use of the process for the manufacture 
of aircraft components. 

Techniques were developed for the high quality flash 
welding of 24S-T aluminum alloy tubing and bar stock. 
Joint efficiencies and joint strength consistencies were 
determined by static tension tests of welded specimens. 

Tests were also conducted on representative specimens 
to determine the corrosion susceptibility of the weld area; 
when unprotected and under a protective coating. 

The test procedure is described and the results ob- 
tained are presented; with comments on process and 
equipment limitations, and an evaluation of the welding 
techniques investigated. 


Introduction 


Joining airframe structural elements of steel by the 
flash welding process has gained wide acceptance in the 
aircraft industry. The process lends itself to high pro- 
duction rates; and under proper process control, provides 
high-strength dependable joints. 

There has been a prevalent feeling that the flash-weld- 
ing process could be advantageously extended to the 
joining of aluminum alloys for a variety of airframe parts, 
such as control rods, long bell cranks, cabin furniture, 
and so forth. The introduction of flash-welded alumi- 
ium parts into the manufacture of airframes, however, 
tas been justifiably retarded; primarily because of 
the scarcity of sufficient available working information 
regarding the use of the process and the resultant quality 
ol the joints obtainable. 

_ Industrial use of flash-welded aluminum alloy parts 
s being made to a limited extent; but in most cases this 
use 1s confined to joints in which structural strength is not 
of primary importance. 

information gathered to date on this subject 
“ree outstanding reports* have been written), it is 
generally agreed that welding variables must be more 
“mp determined and more closely controlled when 
oy elding alumunium alloys (compared to the flash 
am g of steel) if high-quality joints are to be obtained. 
ae er, the. development of aluminum flash-welding 
“chniques is still in its infancy and no specific recom- 
"Research Engineers, Lockheed Aircraft Corp., Burbank, Calif. 
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mendations for its general use have been made. Wide 
discrepancies exist regarding the proper welding proce- 
dures; which may be due to the wide variation of alumi- 
num alloys welded and the different types of equipment 
that have been used. 

It has been established that aluminum alloys can be 
flash welded; but for satisfactory results, the choice of 
the proper welding technique should be made depending 
upon the equipment to be used, the alloy to be welded 
and the requirements of the welded joint. 


Scope of Investigation 


In the aircraft industry, all possible attempts are made . 


to fabricate airframe components to gain maximum 
strength at a minimum weight. This concept points 
toward the use of aluminum wherever possible; espe- 
cially in the high-strength alloys. Therefore, for the 
most part, the alloy used in this investigation was 24S-T. 
Secondly, the greatest use that can be made of flash- 
welded aluminum joints in airframe fabrication is in tubu- 
lar and solid round sections. 

From these starting points, and using existing flash- 
welding equipment, it was desired to determine: 


The flash weldability of 24S-T aluminum alloy. 

The joint efficiencies that can be obtained. 

The joint strength consistencies that can be ex- 
pected. 

The corrosion susceptibility of the welded joint. 

The impact strength characterisitcs of the welded 
joint. 


er 


The present paper provides information on all but the 
last point; which has been briefly checked, but insuffi- 
cient information is available for publication at this time. 


Procedure 


At the outset, 24S-T tubing and bar stock sizes were 
chosen that were expected to fall within the limitations 
of area and the maximum outside diameter to wall thick- 
ness ratio weldable with 100-kva. flash-welding equip- 
ment. 

The material sizes investigated were as follows: 


Tubing: 


1/, x 0.035 in.; '/2 x 0.065 in.; *'/2 x 0.095 in.; 
8/, x 0.083 in.; 1 x 0.065 in.; 1 x 0.095 in. 
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Table 1—Summary of Tensile Test Results 


Sizes No. of 
Welded, Spec. Ultimate Strength, Psi. 
Material, 24S-T In. Tested Max. Min. Av. 

1/,x 0.065 25 73,900 61,100 69,484 

1/,x 0.095 25 72,100 48,550 68,164 

Tubing 3/, x 0.083 25 72,250 67,800 70,562 
1 x 0.065 25 71,900 47,800 65,662 

1 x 0.095 25 74,345 66,502 72,695 

1/, diam.t 18 66,346 58,986 62,872 

Solid Rod 1/, diam. 25 68,884 55,968 65,391 
§/, diam. 25 65,000 45,900 56,952 


Parent Av. Coefficient Max.% No. of Spec. No. of Spec. 

Metal Joint of Devia Within Within 

Strength, Eff., Variation from +10% + 20%, 

Psi. % (C.), %* Av. of Av. of Av 

74,400 93.4 5.0 + 6.3 23 25 
—12.0 

70,700 96.4 7.0 + 5.5 24 24 
—30.0 

72,500 97.3 1.9 + 2.4 25 25 
— 4.0 

72,900 90.2 9.0 +10.4 21 23 
—28.2 

74,074 98.0 2.0 + 2.1 25 25 
— 8.6 

73,129 86.0 3.8 + 5.5 18 18 
— 6.2 

73,129 89.4 6.3 + 5.3 22 25 
—14.4 

69,200 81.9 10.0 +14.2 15 25 
—19.3 


* The coefficient of variation (C,) is an inverse measure of consistency. The lower the value, the better the consistency. 


t '/2 in. diameter 14S-T to !/2 in. diam. 24S-T. 
Nortgs: 1. 
temperature for at least three days before testing. 


External flash completely removed from all specimens before testing. 2. All specimens allowed to age harden at room 


Solid Rod: 


1/,in.; °/,and 1 in. diameter (also '/; in. diameter 
4S-T). 


Two 100-kva. flash welders at Lockheed were available 
for this work; both are hydraulically operated and are 
equipped with ignitron contactors. 

Information obtained from the three available reports 
indicated the necessity for extremely short flashing peri- 
ods, and the critical nature of current cutoff and upset 
adjustments. However, since exact and standardized 
welding techniques do not exist, and there is considerable 
difference of opinion regarding the proper method of weld- 
ing, it was necessary to determine the effect of each vari- 
able on weld quality when the welding equipment 
available for this work was used. Variations in end 
preparation, cleaning methods, flashing distances and 
other variables such as welding in inert atmospheres were 
investigated at length. 

It is a matter of interest that the best welds in solid 
rod were obtained when the pressure-resistance or butt- 
welding technique was used. That is, the flat ends of the 
rods were butted together under an initial pressure be- 
fore current flow was initiated. The normal welding cycle 
was then allowed to continue without the occurrence of 
flashing. For tubing, however, the normal flash-welding 
procedure resulted in better quality welds. 


Fig. 1—Aluminum Flash Welds in the As-Welded Condition 
(Weld Second from Right Is '/,-In. Solid Rod) 
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When the conditions were determined under which 
seemingly optimum weld quality was obtained for each 
material size, specimens were welded for static tension 
testing and corrosion testing. In both tests, parent 
metal specimens were used for control. All flash-welded 
specimens were allowed to age at room temperature for 
at least three days before being subjected to these tests. 

All specimens were prepared for testing by completely 
removing the external flash. Internal flash on the tub- 
ing specimens was left intact. External flash removal 
was accomplished by grinding and polishing or by ma- 
chining. Cross-sectional areas were computed from 
micrometer measurements in the weld area of all speci- 
mens. 

Statistical quantities (standard deviation arfd coefli- 
cient of variation) were computed from the results of 
each of the tensile test groups. 

The specimens subjected to the corrosion test were di- 
vided into three groups of four specimens. Each group 
was treated separately as follows: 


(a) Bare material—no protective coating. 

(b) Anodized in chromic acid. 

(c) Anodized in sulphuric acid and sealed with potas 
sium dichromate. 


The corrosion test was conducted in accordance with 
Specification AN-QQ-S-91 (specimens suspended in 4 
salt spray box and sprayed with a solution ol sodium 


Fig. 2—Aluminum Flash Welds Prepared for Test-n¢ 


Solid rod, flash removal by machining. | 
Tubing, flash removal by grinding and p 
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chloride and water at 95° F. for 250 hr.). The ends of 
the tubing specimens were closed so that only the exter- 
nal surface was exposed to the salt spray. - ‘ 


Results 


A summary of the tensile test results of successfully 
welded material sizes are given in Table 1. Two sizes 
that are listed in the Procedure are not included in this 
table; namely, '/,-x 0.035-in. and 1l-in. diameter solid 
rod. These sizes could not be satisfactorily welded and 
are the basis for the equipment capacity limitations as 
described under Conclusions. 

Figures 1, 2 and 3 are photographs of typical specimens 
as-welded, prepared for testing and weld fracture types, 
respectively. 

Composite frequency distribution charts for the tubing 
specimens and the solid rod specimens are given in Figs. 
4 and 5, respectivley. 

Figure 6 is a photograph of the specimens subjected to 
the corrosion test. 

Photomicrographs of weld cross sections made after 
the corrosion test are given in Figs. 7 to 10, inclusive. 

Figure 11 is a close-up of the external appearance of a 
specimen that was sulphuric acid anodized and potas- 
sium dichromate sealed. The weld lines and the heat 
zones are clearly visible on all specimens treated in this 
manner, 


Discussion 


Joint Strength and Consistency 


Results given in Table 1 show that the average joint 
efficiencies obtained for tubing were all above 90%. 


Fig. 3 (A)—Typical Tension Failure Types; Tubing Specimens 


Fig. 3 (B)—Typical Tension Failure Types; Solid Rod Specimens 
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It may also be pointed out that the earlier tests resulted 
in lower average joint efficiencies than tests made later 
in the investigation. There are two probable reasons for 
this: 


(a) At the start, it was felt that average joint effi- 
ciencies above 80% would be unlikely. How- 
ever, improvements in technique as additional 
experience was gained, resulted in improved 
weld quality. 

(6) Tubing with heavier wall thicknesses (which 
were welded later in the investigation) gave 
better results because the tendency for the tub- 
ing to ‘‘flare’’ at upset was reduced. 


The lowest joint efficiency for tubing was obtained with 
1- x 0.065-in. material. This size is near the maximum 
D/t (outside diameter to wall thickness) ratio and is the 
thinnest wall thickness recommended for good quality 
welds. 

The last two tests were for the */,- x 0.083-in. and the 1- 
x 0.095-in. tubing sizes, which gave average joint effi- 
ciencies of 97.3 and 98.0%, respectively. 

Weld tests made on '/»- x 0.035-in. tubing were unsatis- 
factory due to the ‘flaring’ or “‘crawling’’ of one tube 
end _ over the other at the time of upset. This wall thick- 
ness is below the minimum recommended for flash weld- 
ing on 100-kva. equipment. 

Average joint efficiencies of the solid rod specimens 
were between 80 and 90%. These average joint efficien- 
cies (without exception) are lower than those obtained 
for the tubing specimens. This difference is possibly due 
to the fact that when tubing is upset, contaminations in 
the weld zone are exuded both inward and outward. 
However, in the case of solid bar, the weld area can be 
cleaned only by the outward exudation of weld metal. 
Therefore, contaminations are more likely to be en- 
trapped in solid bar than in tubing flash welds. 
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[41 feo | | | The lowest average joint efficiency was obtained with 
CHART REPRESENTS TESTS oF — 3/,-in. diameter rod. This size is approaching the maxi- 
125 FLASHWELDED SPECIMENS mum cross-sectional area capacity of 100-kva. flash weld- 
COMPOSED OF THE FOLLOWING { ers. Attempts were made to weld 1-in. diameter rod, 
TUBING SIZES - 
x .065" 


xX .095" 
3/4" X 083" CHART. REPRESENTS TESTS OF 


i" x .065" 68 FLASHWELDED SPECIMENS 

i" x 095" COMPOSED OF THE FOLLOWING 
SOLID ROUND SIZES - 

| | | DIA. 14S-T TO 24S8-T 
| 72" DIA. 24S-T TO 245S-T 
AVERAGE JOINT EFFICIENCY 3/4" DIA. 24S-T TO 24S-T 
OF ALL TUBING FLASHWELDS 
= 95.06 % 


AVERAGE JOINT EFFICIENCY OF 
Ali SOLID ROUND FLASHWELDS 
= 85.77 % — 


FREQUENCY [%] 


FREQUENCY [%] 


50 55 60 65 70 75 80 85 90 95 100 50 55 60 65 70 75 80 85 90 95 100 
JOINT EFFICIENCY [%] JOINT EFFICIENCY [%] 


Fig. 4—Joint Efficiency Distribution Chart of Flash-Welded Fig. 5—Joint Efficiency Distribution Chart of Flash-Welded 
24S-T Aluminum Tubing 24S-T to 24S-T, and 24S-T to 14S-T Aluminum Solid Rod 


Group 2 
Fig. 6—External Appearance of Specimens Subjected to the Corrosion Test 
(1) Sulphuric acid anodized and sealed in potassium dichromate; (2) chromic acid anodized; ( 
tected (bare). 
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(A)—*/, x 0.065-in. 24S-T tubing, slight surface and weld (B)—*/, x 0.083-in. 24S-T tubing, severe corrosion at weld line. 
line pitting visible. (Reduced 25% in reproduction.) (Reduced 25% in reproduction) 


Fig. 7—Cross-Sectional Views of Flash-Weld Areas After Corrosion Test; No Protective Coating, Bare Metal 


(A)—"/,-In. 24S-T-1/;-in. 14S-T solid rods, slight surface pitting; (B)—"/.-in. 24S-T solid rods, corrosion attack visible in weld 
no weld line attack visible. (Reduced 25% in reproduction.) and heat zone areas. (Reduced 25% in reproduction) 


Fig. 8—Cross-Sectional Views of Flash-Weld Areas After Corrosion Test; No Protective Coating, Bare Metal 


( j 
' O- Regu 9.065-in. 24S-T tubing, no corrosion attack visible. (B)—*/, x 0.083-in. 24S-T tubing, no corrosion attack visible. 
3) unpro 25% in reproduction.) (Reduced 25% in reproduction) 


Fig. 9—Cross-Sectional Views of Flash-Weld Areas After Corrosion Test; Chromic Acid Anodized 
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but insufficient force was available for upsetting this 
cross-sectional area. 

The weld quality obtainable between '/2-in. diameter 

-145-T and 24S-T rod was found to be similar to welds 
between 24S-T to 24S-T solid material. This will be a 
common combination in tube to terminal fitting applica- 
tions of flash welding. 

All specimens tested had the external flash removed 
completely (as shown in Fig. 2). When specimens are 
tested with the flash intact (see Fig. 1) the weld line is 
reinforced and higher ultimate strengths result. There- 
fore, all values given in Table 1 are felt to be conservative 
when compared to the strengths of welded specimens in 
which the external flash is not entirely removed. It is 
characteristic of flash welds in 24S-T to fail in the weld 
region (partially or wholly in the weld plane or the heat- 
affected zone adjacent to the weld). See Fig. 3. 

Flash welding of the solid round material was at- 
tempted but the results obtained were unsatisfactory. 
A considerable amount of oxide remained in the welds. 
The pressure-resistance method, described in the Pro- 
cedure, improved the weld quality considerably. This 
procedure almost entirely eliminated weld zone inclusions 
in solid rod but could not be used for tubing, due to in- 
sufficient rigidity of the tubing wall. 

During the course of the investigation it was noted 
that visual inspection of the welds gave a fairly reliable 
indication of weld quality. One specimen welded for the 
*/.-in. diameter 14S-T to '/s-in. diameter 24S-T consist- 
ency test was discarded after visual inspection. Sub- 
surface pits were observed in the weld area. Physical 
testing of this specimen substantiated the low strength 
suspected for this weld. 


Corrosion 


In Fig. 6 the effect of the corrosion test can be readily 
seen. The unprotected specimens displayed a severe 
intergranular corrosion in the weld area. The chromic 
acid anodized specimens were only slightly affected, but 
the sulphuric acid anodized and potassium dichromate 
sealed specimens were immune to attack for the duration 
of exposure. 

Photomacrographs of corroded weld sections in 24S-T 
to 24S-T bare (no protective coating) tubing and 24S-T 
to 24S-T and 14S-T bare solid rod are shown in Figs. 7 
and 8, respectively. It will be noted that Figs. 7 (a) and 
8 (a) show little or no weld line attack; while Figs. 7 (d) 
and 8 (5) show severe attack. A study of the four speci- 


(A)—1/e-in. 14S-T-1/2-in. 24S-T solid rods, no corrosion attack 
visible. (Reduced 25% in reproduction.) 


mens in Group 3 of Fig. 6 (from which these sections were 
taken) shows that corrosive attack at the weld line o 
curred in all specimens. The severity of this attack was 
not uniform, and consequently the cross-sections shown 
represent these conditions. 

Figures 9 and 10 show weld sections of the chromic acid 
anodized specimens. As may be noticed in Fig. 6, a 
minor breakdown in the chromic acid coating is apparent, 
However, photomacrographs (Figs. 9 and 10) of the weld 
cross sections indicated that the aluminum had been 
relatively unaffected. 

Since the sulphuric acid anodized and dichromate 
sealed specimens resisted even surface attack for the dura. 
tion of exposure (see Fig. 6), no photomacrographs of 
weld cross sections are included in this report. 


Technique and Observations 


A brief review of the information collected during this 
investigation regarding aluminum flash-welding tech. 
niques is given below. 

1. End Preparation.—Best results were obtained 
with square cut ends in both tubing and solid rod flash 
welds. Beveled ends (practiced in steel flash welding 
produced low and inconsistent weld strengths. 

2. Material Preparation.—Best results were obtained 
when the material was etched in a 3% solution of hydro- 
fluoric acid prior to welding. It is probable that other 
etchants or mechanical removal of the oxide coating 
would result in welds of the same high quality. If the 
oxide film is not removed, electrical contact in the die 
area is impaired and entrapment of oxides in the weld 
plane is frequent. 

3. Welding in Inert Atmospheres—Argon and helium 
(dried by passing through anhydrous magnesium per- 
chlorate) was introduced into the weld area during weld- 
ing. This procedure failed to improve the weld quality 
over that obtained in a normal atmosphere. 

4. Subsequent Heat Treatment.—A slight reduction 
in the average weld strength was noted in specimens heat 
treated after welding. This substantiated the results 
reported by other investigators. 

5. Critical Welding Variables—The timing of the 
current cutoff was the most critical variable in welder 
settings. Slight changes in this adjustment produced a 
pronounced effect in the weld quality. Best results were 
obtained when the current was cut off at, or very near, 
the start of upset. 

The next most important variable to consider is the 


(B)—1/2-in. 24S-T-1/,-in. 24S-T solid rods, no corrosion n attack 


visible. (Reduced 25% in reproduction.) 


Fig. 10—Cross-Sectional Views of Flash-Weld Areas After Corrosion Test; Chromic Acid Anodized 
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Fig. 11—Close-up of Sulphuric Acid Anodized and Potassium Dichromate Sealed Specimen, Showing 
Weld Line and Heat-Affected Zones 


flashing time. It is necessary that the flashing cycle be 
very short. Too long a duration of heating produces a 

S drastic effect on the strength of the metal in the heated 
area. An attempt was made to localize the heated 
area during flashing by dipping the material ends into a 

' suspension of graphite powder in carbon tetrachloride. 

> It was felt that the localized high resistance at the weld 
plane would make it possible to better restrict the heat 
flow. This method proved unsuccessful due to extremely 
difficult heat control. 

The upset distance was also quite critical in that varia- 
tions in this setting had the same effect as large varia- 
tions in the transformer tap setting. 

It is felt that welds of better quality may be obtained 
when flash welders designed for aluminum welding are 
available; but the results contained herein represent the 
weld quality that can be obtained with existing flash- 
welding equipment. 

An extensive investigation of the impact strength of 
flash welds in 24S-T aluminum alloy is now in progress. 
From the limited information already obtained, it ap- 
pears that energy absorption of welded specimens of the 

order of 80% of the base metal strength can easily be ob- 
tained. 


Conclusions 


From the results of tests thus far conducted using 100- 


aa welders, the following conclusions are indi- 
cate 


|. The flash welding of 24S-T aluminum alloy tubing 


FLASH WELDING ALUMINUM ALLOYS 


and bar stock is feasible for production use when welded 
with existing steel flash-welding equipment, within the 
following section limitations: 


(a) Tubing wall thicknesses should be equal to or 
greater than 0.065 in. 
(6) Tubing diameter to wall thickness (D/t) ratios 
should be equal to or less than 16. 
(c) Cross-sectional areas to be welded should be be- 
tween 0.08 sq. in. and 0.45 sq. in. 


2. Welds having consistently good strength values 
were made between 14S-T and 24S-T aluminum alloys. 

3. Weld quality was not improved by introducing an 
inert atmosphere into the weld region during the welding 
cycle. 

4. After the 250-hr. salt spray corrosion test, flash- 
welded specimens with no protective coating (bare) were 
found to be severely corroded at the weld lines. How- 
ever, specimens anodized in chromic acid showed a minor 
breakdown of the anodic coatings but the aluminum ap- 
peared to be unaffected. No attack on either the coat- 
ing or the aluminum was observed On specimens ano- 
dized in sulphuric acid and sealed with potassium di- 
chromate. 


References 


1. Bernard, George S., Jr., Aluminum Co. of 
America (Nov. 13, 1941). 

2. Smith, C. B., “Advisory Report on Flash — of Aluminum,’ 
O.S.R.D. No. 4397, Serial No. M-393 (Nov. 17, 194 

3. Hess, W. F., and Winsor, F J., “The Flash Welding of Alclad 24S-T 
Alloy in the U.064-In. Thickness,’ Tue WELDING JoURNAL, 25 (1), Research 
Suppl., 9-s to 20-s (1946) 


“Flash Welding Aluminum,” 


| 
| 
| 
= 
i 
4 
<*> am 
4 
” 
0 
| 
5 
1 attack 
3RU 87-s 
ort 


PRESSURE WELDING 
WITHOUT 


A’ essential characteristic of fusion welding is that some 

part of the metal in the joint is in the cast condition. 
This is particularly undesirable in the case of some light 
alloys such as duralumin, which have poor mechanical pro- 
perties in this condition. Not only are the properties of the 
cast zone poor, but there will be an “ over-heated ” zone in 
which melting of the grain boundary constituents has 
occurred, and an annealed zone. 

It has for long been the aim of many workers to “ forge 
weld ” the light alloys as is done with wrought iron and mild 
steel. It was hoped that welding could be carried out at a 
temperature low enough to preserve all the original pro- 
perties of the material, or failing this, at the solution tem- 
perature of the age-hardenable alloys so that ageing would 
subsequently occur at room temperature. 

The object of the present investigation was to determine 
under what conditions welds could be made in a range of 
light alloys by the application of heat and pressure at tem- 
peratures below their melting points. Previous attempts 
at. hammer and pressure welding light alloys have been 
reviewed by Wilson?5. 

MATERIALS USED 
Nine aluminium-rich and three magnesium-rich alloys 


crystallisation Welding (LM.4) of the Association an 


OF LIGHT ALLOYS 
FUSION 


Results of work undertaken for a Joint Committee on Recrystallisation Welding.* 
By R. F. TYLECOTE, M.A., M.Sc. 


This report describes the results of attempts to weld overlapping sheets of nine aluminium and three mag. 
nesium alloys by the simultaneous application of heat and pressure at temperatures below their melting 
points. It was found possible to weld all the alloys to a greater or lesser degree. An aluminium alloy 
containing magnesium and silicon in the proportions to give Mg,Si, a duralumin type alloy and an 
aluminium alloy containing 14°, manganese, were found to give the best results. Great importance is 
attached to the effective cleaning of the surfaces. Although recrystallisation had occurred across the 
interface in many cases it cannot be said that micrescopically visible recrystallisation is a necessary 
condition for successful welding. 


were investigated, the composition, hardness and condition 
of which are set out in Table I. 


The straight aluminium-copper alloy was included as an 
experimental alloy, which, although possessing age-harden- 
ing properties was welded in the annealed condition. The 
aluminium nickel alloy was also an experimental alloy and 
included because of its reported low recrystallisation tem- 
perature. Some of the Al-7% Mg alloy had had a small 
degree of cold work while the rest was in the annealed con- 
dition. The three magnesium base alloys were hot rolled 
and covered with the usual chromate film. 


As it was desired to investigate the effect of previous cold 
work, some commercial purity aluminium was obtained with 
various cold rolling reductions. 


APPARATUS USED AND METHOD OF WORKING 


The hydraulic press which was used for making all the 
test pieces used in this report had a ram diameter of 4 
inches and gave a maximum pressure of 11 tons. At first it 
was worked by a small hand pump and consequently had a 
very slow rate of action. Later, an electrically operated 


*The work described in this report has been carried out by the- British Non-Ferrous Metals Research Association for a Joint Committee on Re 
a the British Welding Research Association. 


TABLE |. 
Properties of Alloys used. 


Composition. 


% 


Condition 


Alloy Specification. 


Cu Mg Mn 


° Si Fe Others V.P.N 


|Super Purity Aluminium| 0-0017 


Hard 
0-00! 0-0027 Soft 33-0 


Annealed 


Commercial Purity BSS.2L4 


Hard 


Aluminium 


0-17 0-32 _ 20% Def. 


0-18 _ 030 50% Def. 


0-21 0-27 _ 80% Def. 


DTD. 213A 


Hard 


0-09 0-21 Ni 1-23 } hard 


‘Al-clad Al-Cu-Mg-Mn ..| DTD. 390... 402 0-84 0-6! 


0-47 0-52 Heat-treated ... (core) 


Annealed—cold 


worked 


Annealed 


Annealed 


Sol. treated 
S.T. and aged 


BSS. 5L3 424 0-57 0-60 0-38 0-40 Heat treated ... 128 
Mg-Al-Zn Rem. 0-30 a= = Al 63 Hot rolled 


*Analysis applies to 16 s.w.g. (0.066”) material only. 


Reprinted from the Transactions of the British Institute of Welding, November 1945, 


Fin 
un 
P 
and 
T 
whi 
pa 
la 
P 
cop 
tact 
tool 
beil 
DAR 
| 
AS 
ce 
wal 
cou 
are 
I 
sur 
ing 
} 
of 
0 
the 
106 | to 
th 
Sit 
a 
| 
tu 
19 


lition 


pump was installed, which increased the speed of operation 
and permitted short period welds to be made. 

The tools consisted of an aluminium bronze core round 
which was wound a “ Brightray” furnace element, the 
protruding end of aluminium bronze being capped with re- 
placeable dies of heat resisting steel or sintered tungsten- 
copper. The dies had an overall diameter of 14” and a con- 
tact diameter of 0.45”. The general arrangement of both 
tools is shown in Fig. 1. 

The aluminium bronze core had a high heat capacity and 
being a fairly good conductor, a good rate of heat transfer 


W\\\\ \ \ 


ASBESTOLITE 
WASHERS 


ALUMINIUM 
_-—" BRONZE 
MICA 
__ 30 FT. 26 SWC 
ASBESTOS BRICHTRAY 
CORD 
ALUNDUM 
(TUNCSTEN-COPPER) 
‘OR STEEL 
Fig. 1. Construction of the press tools 


was obtained. The temperature was measured by a thermo- 
couple inserted between the sheets as near as possible to the 
area to be welded. 


In most of the work, the dies were heated to a tempera- 
ture a few degrees above that intended for the experiment, 
the specimen placed between them, and the required pres- 
sure applied. The temperature fell at this stage and th 
pressure was maintained for two minutes to allow for bring- 
ing the specimens up to temperature, and usually for a 
further three minutes at the required temperature. 


In the early stages of the work, i.e., for the specimens 
of the D.T.D.346 alloy which had been electrolytically 
polished, the strips measured 1” x4” with an overlap of 14”. 
In the rest of the investigation the strips measured 12” x 6” 
and were overlapped 24” (see Fig. 2). 

With the larger deformations used, a large part of the 
sloping area of the dies would come into contact with the 
strips, the latter tending to bend round the dies. When the 
specimens were removed from the press, the overlapping 
part of the strips form an angle with the weld surfaces as 
shown in Fig. 2. This angle increases with deformation, and 
for deformations of the order of 50% was about 20°. 

The deformation, which was found to be the main 
criterion of weld strength, was determined by measuring 
the weld thickness, t (Fig. 2), with a micrometer. This 
figure, when placed over the initial thickness of the sheets 
before welding, i.e., 2T, and expressed as a percentage, gave 
the percentage thickness of the weld. The latter figure was 
subtracted from 100 to give the % reduction in thickness or 

¢ Deformation.” 

During the early tests there was a tendency for the strips 

0 stick to the dies, and some difficulty was experienced in 
— the specimens away from the dies without breaking 
a “ was found possible to minimise this effect by using 
a tungsten-copper for the dies and beeswax as a 
a There was, however, still a tendency for some 
“an to occur at higher deformations. Later, however, 
ee on of flak graphite in machine oil was used as a 
pe and found to be entirely satisfactory both with 
of the t “copper and steel dies. The improved conductivity 

€ tungsten-copper was found to be very useful, and this 
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material had to be used for all welds made in times of leas 
than about 1 minute. 


SURFACE PREPARATION 

It is reasonable to assume that before grain growth can 
take place across the interface of two metal surfaces, any 
covering layers of oxide must be removed. Different meth- 
ods of surface preparation were accordingly examined, the 
efficiency of which was assessed by a method used in spot 
welding. This method involves the measurement of the 
contact resistance across two surfaces. which are held 
together by means of a heavy load applied to two hard cop- 
per electrodes. The method of measurement is similar to 
that described by the author in a previous paper.' A cur- 
rent, in this case about 1-10 amps., is passed through the 
sheets at their point of contact and the potential drop across 
the contact measured by means of a mirror galvanometer. 
The load applied was 500lbs. and the radius of the electrodes 
was linch. At least six readings were taken for each sur- 
face condition due to the inherent scatter, of contact resist- 
ances, and these averaged to give the readings given in 
Tables If and III. This method has been described in detail 
in the paper mentioned above. 

The cleaning methods used in this investigation were as 
follows :-— 

(i) Electrolytic polishing—The electrolyte was one of 
those described in British Patent No. 558,925 and consisted 
of the following by volume:— 

27% ethylene glycol 
67% (90°,) H,PO. 
6% water. 


The specimens were immersed for 5 minutes at a current 
density of 0.5 amp/sq. in., requiring a potential of about 25 


SECTIONAL ELEVATION AFTER 
WELDING 


t 
DEFORMATION = 100(|— 
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Fig. 2. Shear test specimen. 


volts, the specimen being the anode. After polishing, the 
parts were washed in water, acetone, and dried in hot air. 
Bright surfaces were produced on aluminium and aluminium 
clad Al-Cu-Mg-Mn alloy (D.T.D.390), while those of Al-7% 
Mg alloy were milky white. Welding was carried out 
within an hour after polishing. 

It will be seen from the figures given in Table II that 
electro-polished surfaces had a high resistance, which seems 
to indicate that a thick surface layer of aluminium oxide 
or hydroxide has been formed in the process. 

(ii) Pickling in 10% phosphoric acid—This process has 
been used by the author on the aluminium clad alloy 
(D.T.D.390) prior to spot welding and a curve showing con- 
tact resistance plotted against time in the bath had been 
obtained which showed that a time of 3) minutes in this 
acid at 50°C gave a minimum contact resistance on 20- 
gauge material.' Owing to the formation of a smut 
(a deposit of copper) on copper containing aluminium 
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alloys, a dip of 30 second duration was given in cold 40% 
nitric acid immediately after pickling... 


(iii) Pickling in 5 and 10% caustic soda solution. For the 
aluminium alloys containing magnesium, a pickle containing 
10% caustic soda at 70°C. was first tried. The reaction was 
very rapid and specimens were taken out after 30 seconds. 
As the contact resistance was very high, concentrations of 
10 and 5% were later tried at room temperature, followed by 
a dip in 40% nitric acid. It was found that the contact 
resistance-pickling time curve of the 5% solution gave a 
minimum of 17 microhms at 33 minutes which was regarded 


TABLE Il. 
Interfacial Contact Resistances obtained on Aluminium Alloys, 
Alloy Treatment Gauge | Resistance 
(microhms) 
Super Purity Scratch-brushed 22 5-C 
Aluminium Pickled in H,PO, and Scratch- 22 0-7 
brushed 
Commercial Purity Electrolytically polished 18 > 97,000 
Aluminium (Hard) Fickled in H,PO,+ HNO, 18 18 
» and Seratch-brushed 18 38 
Scratched-brushed only 18 60 
Al-clad Al-Cu-Mg-Mn Electrolytically polished 14 |> 97,000 
(D.T.D. 390) Scratch-brushed 14 45-0 
10 26-0 
Pickled in H,PO,+ HNO, 14 * 38-0 
Pickled and Scratch-brushed 14 70 
Al-Mg-Si (D.T.D. 346) | Electro-polished 14 |>81,000 
Annealed Pickled in H,PO, and Scratch- 16 17-0 
brushed 18 3-4 
22 8-0 
Al-Mg-Si solution Pickled in H,PO,+ HNO, is 41 
treated e and Scratch-brushed 18 37 
Al-Mg-Si Aged Pickled in H,PO, and Scratch- is 15-8 
brushed 
Al-Mn (D.T.D. 213A) Scratch-brushed 16 18-0 
Pickled in H,PO, 18 42 
ois and Scratch-brushed 18 40 
Al-Ni Pickled and Scratch-brushed 18 1-63 
Al-5% Cu Electro-polished 14 17,500 
Pickled in H,PO,+ HNO, and 14 480 
Scratch-brushed 
Al-5% Cu Al foil Scratch-brushed 14 12-0 
Al-Cu-Mg-Mn Pickled in H,PO,+ HNO, 18 19-8 
(BSS.5L3) and Scratch-brushed 18 8-8 
Al-7% Mg Electro-polished 18 19,000 
Pickled in 10 NaOH at 70°C.+ 18 1,290 
HNO, 
5% R.T.+ 18 17-0 
HNO, 
scratch-brushed 


as satisfactory and this pickle was thereafter used for the 
Al-7% Mg alloy. It was found essential to follow this 
pickle with a dip in 40% nitric acid, which probably dis- 
solved the magnesium oxide. 


(iv) Scratch-brushing*—A small high-speed rotary steel 
wire brush 34” in diameter with a wire diameter of 0°004 
inches was used for this treatment. Scratched-brushed 
surfaces were found to have a lower contact resistance than 
most pickled surfaces (see Table II). 


At the beginning of the investigation attention was paid 
primarily to pickling methods for surface preparation, since 
it was the author’s experience that such methods were far 
more applicable to industrial conditions. American work 
has shown, however, and it has been the author’s experience 
that the lowest contact resistances are obtained by scratch- 
brushing. Some alloys may be scratch-brushed effectively 
without any other previous treatment, e.g., commercial 
purity aluminium in all tempers, Al-Mn alloy (D.T.D.213A), 
and aluminium-clad Al-Cu-Mg-Mn alloy (D.T.D.390). 
Others, however, require a pre-pickle to remove the hard 
surface layer and after this they may be effectively scratch- 
brushed. Among these are the Al-7% Mg alloy, Al-Cu-Mg- 
Mn alloy to B.S.S.5L3 and both the solution treated and aged 
Al-Mg-Si alloy. It will be seen from the results given in 


90-s 


Table II that in all cases the combination of pickling anj 
scratch-brushing produces the lowest resistances. 


Since the oxide film reforms on aluminium alloys, scratch. 


brushing offers a useful method of eliminating the effect of 


TABLE Ill. 
Interfacial Resistance of Magnesium Alloys. 


Contact Resistance ( Microhne)] 
Dechromating 
Alloy Gauge Bath. Dechromated | Dechromated 

Only. and 

Scratch-brushed 
Mg-Mn eee 16 cro, 1,830 21.1 
Mg-Mn eee 16 NaOH 39,000 39.3 
Mg-Mn-Ce ... 18 * cro, 133 21.4 
Mg-Al-Zn_... 18 cro, 196 15.7 


the delay between pickling and .welding. 


Where scratch- 


brushing was used it was carried out immediately prior to 


welding. 


(v) The Magnesium-rich alloys—No pickling method 
was found which gave a sufficiently low contact resistance 
for the magnesium alloys and therefore, after removal of 
the chromate film, they were scratch-brushed. 

The chemical removal of the chromate film may be carried 
out in two ways: (1) by immersion in a boiling solution of 
25% chromic acid for about 30 minutes according to the 


thickness of the film; and (2) by immersion in a 5% caustic 
TABLE IV. 
Interfacial Resistance of Magnesium Alloys after Mechanical 
Treatment. 
CONTACT RESISTANCE (Microhms). 
Alloy 
After Wire Woo! and 
After Wire Wool. Scratch-brushing 
Mg-Mn ... . 43.8 6.5 
Mg-Mn-Ce 16.9 4.7 
Mg-Al-Zn 57.6 i8.8 


solution at 90°C. for 10 minutes. 


On the Mg-Mn alloy, the 


caustic soda method gave a higher contact resistance than 
the chromic acid method and the difference stil] persisted 
after scratch-brushing (see Table III). So it was decided, in 
spite of the longer treatment time required, to use the 
chromic acid method of chromate removal for al] magnesium 


alloys. 


Later in the work it was found that if steel wool was used 
to remove the chromate film lower resistances could be 
obtained. These are shown in Table IV. 


NUMBERS INDICATE 7, DEFORMATION 


@ OT 


4 
x 
PRESSURE x 1000 


Fig. 3. 


Commercial purity aluminium 
Scratch b 


BSS 214). 0.052” thick. 
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*Wong and Steward2 in testing spot welded jcints in the —— her 
Al-Cu-Mg-alloy found that surfaces prepared by this method hing, 
with a shear strength of 700 lbs. when welded immediately after WA 4 
and a strength of 450 lbs. when the surfaces had been expose th 


atmosphere for 16 hours before weldin 
opinion that the increase of strength o 
faces was due to “ corona bonding,” ie., 
of unfused cladding round the fused spot weld. 


took place. 
t 


They were 
unexposed 
ained from the ed in 8 ring 


the bond that exist that this 


It is probable 


w and 
bond was due to pressure welding without fusion, although Wong 
Steward did not examine this area microscopically. 
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z and Method of determining weldability—Preliminary experi- The lower curves are drawn through the minimum deform- 

ments showed that a certain minimum deformation was ations at which welds, however small, are obtained, and the 
ratch- necessary at a given temperature before a weld could be upper through _the points which have a deformation of 
ect of obtained, the pressure required to produce this deformation 80% representing the maximum deformation permis- 

being a function of the strength of the particular alloy at sible for practical purposes. The upper horizontal is fixed 

the welding temperature. at the solidus temperature of the alloy concerned. It was 


found impracticable to weld above this owing to the sudden 


The first step therefore in determining the weldability complete collapse of the material and fouling of the dies 


—, of any alloy was to obtain the range of temperature and ith the resultant liquid phase. 
rohme) pressure in which welding occurs. The results obtained are While this method gives an indication of the range of tem- 
mated plotted to give graphs of the type shown in Figs. 3 to 12. perature and pressure over which welding is possible for a 
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Fig. 6. Al-Mn alloy (DTD 213A) 0.065-0.050” thick. Scratched-brusted 


Fig. 10. Mg-Mn alloy. (AM 503). 0.065” thick. Dechromated and 
scratch-brushed. 
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particular alloy, it gives no indication of the strength likely 
to be obtained once a weld has been formed. It was found 
that when welds were made at a constant temperature, the 
strength of the joint depended largely on the deformation 
used. The strengths of welds made at constant temperature 
were therefore expressed as a function of deformation. 


MECHANICAL TESTING 

The main type of test used to determine the strength of 
the welded joints was the single-weld-in-shear test. The 
form of test specimen is shown in Fig. 2. This was tested 
by loading parallel to the principal axis. During welding 
the sheets bent in the region of the overlap, with the result 


@ NOT WELOEO 
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Tempceature “Cc 


PRESSURE —1000 18s 
Fig. 12. Mg-Al-Zn Alloy (AZM). 0.052” thick. Dechromated and 
scratch-brushed. 


that the weld interface was at an angle to the direction of 
loading and was not in true shear during test. The resulting 
combination of stresses and the concentration of stress at 
the edges of the weld causes the joint to fail by tearing or 
by pulling out of the weld spot. The shear component of the 
load is equivalent to LoadxSin a, this component increas- 
ing with increase of a, which in turn increases with the 
extent of deformation during welding. Similar considera- 
tions apply in the testing of spot welds since the load is not 
truly axial, but the angle of deformation is much smaller. 

In view of this, the results of the tests have been reported 
as “ failing load in pounds ” and no attempt has been made 
to put them in terms of shear stress except in an attempted 
comparison with the strength of spot welds. 

The diameter of interfacial contact increases with and 
is directly proportional to the deformation (see Fig. 13). 
However, it is difficult even after failure, to determine the 
actual welded area which is an added reason for not 
attempting to report the results as load per unit area. 
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Effect of welding deformation on interfacial contact area. 
Aluminium clad Mg-Mn alloy (DTD 390). 
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Fig. 13. 


It was observed that it was possible for a weld to fail in 
two ways: (1) by shearing; (2) by the weld pulling out of 
one sheet leaving a hole, and remaining on the other sheet. 
In some cases there was a tendency for both these types of 
failure to occur simultaneously. The pull-out failure would 
generally occur in the thinnest part of the sheet around the 
edge of the weld. However, in some cases, in welds 
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D.T.D.346 and AM.503 particularly, 1t was noticed thy 
“pull out ” failure occurred some way outside the thinneg 
part. 

In the load-deformation curves, the part where “pull oy” 
failure occurs is shown by double lines. Usually this type 
of failure starts when the deformation reaches about 7) 
i.e., when the sheet has been severely thinned. “ Pull oy" 
failure starts irf most cases at progressively lower defor. 
ations as the welding temperature is increased, which j 
probably connected with the softening of the sheets in th 
vicinity of the weld. 

A small number of “ U-tensile” tests were made oy 
16-gauge Al-Mn alloy to D.T.D.213A, welded with: varioys 


' 
sours 
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Fig. 14. “*U”’ tensile test specimen and rig. 


degrees of deformation at 500°C. The specimens took the 
form of 13” wide strips bent to form a “ U,” two of which 
were welded together as shown in Fig. 14. These were held 
on to blocks during testing by means of 4” bolts going 
through the sides of the strips as shown. 

It is realised that this type of test introduces severe stress 
concentrations at the edges of the interface which causes 
tearing and gives little indication of the true tensile 
strength of the metal forming the weld. However, it indi- 
cates the resistance of the joint to a tensile load applied 
normal to the plane of the sheets. 


EXPERIMENTAL RESULTS 


(a) Deformation and temperature—An examination of 
the temperature-pressure curves Figs. 3-12 will show that 
as the temperature falls each curve slopes towards the right 
in some cases tending to be horizontal. In many of the 
alloys welding probably could be continued down to room 
temperature if higher pressures could be used. However, 1t 
is doubtful whether pressures above 100,000 Ibs./in? would 
ever be practicable. Also it may generally be said that as 


TABLE V 
Deformation of Aluminium Foil (0.002” thick) between cylinders 
of c.p. Aluminium dia.x}$” thick.at 20°C. (Hall®). 
Total Deformation 
Deformation % of foil % 
25 56 
50 68 
75 76 


the temperature is lowered the deformation at which weld: 


ing begins increases. us 

It was not found practicable to weld Al-clad Al-Cu-Mg-"? 
alloy at a very low temperature since high pressures 4 
required to deform the hard core. 

In view of the large deformations required to weld ye 
alloys, the interposition of a soft foil of pure aluminion® 
alloy was suggested. The idea behind this was that at vad 
given pressure, the soft foil would deform to 4 oral 
degree than the comparatively hard sheets. ements, “4 
has shown that this is only true at very low total defor : 
ations, and that as the deformation of the whole increases 
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P the foil begins to harden and finally undergoes deformation 


similar to that of the basic metal. 
That this is also true with D.T.D.390 welded at 500°C. 


: and 350°C. is shown in Table VI. The deformation of the 


external cladding is in all cases much less than the total 
deformation, due to the friction between the dies and the 
outer surfaces. 


There is some evidence to show that there is an increasing 
deformation or “ deformation gradient ” in the welds in all 
the alloys investigated. 

In order to obtain some proof of this, a number of thin 
sheets (0.028” thick) of commercial purity aluminium were 
pressed together at 350°C. and 500°. Owing to the fact that 


TABLE VI. 
Deformaton of D.T.D.390 (10 S.W.G.) 


| Deformation % 

| Temp. °C. Soma Internal* External 

| Cladding Cladding 

81 87 22 

2 4 

} 84 85 53 


*Cladding at Interface. 


these had received no surface preparation they failed to 
weld, so that the resultant thickness of each of the pieces 
could be measured. The results of this experiment together 
with the results of similar experiments on the Al-Mg-Si 
alloy (D.T.D. 346) and super-purity aluminium are shown 
in Fig. 15. Here the % deformation of each piece is plotted 
against its position in the pile. 

These results (tabulated in Table VII) show that the 
maximum deformation in the middle is from 1.9 to 1.37 times 
the “ mean deformation,” i.e., the figures arrived at by the 
calculation explained earlier in this report. If the maximum 
deformations are plotted against the mean deformations 
irrespective of material or pressing conditions it is found 
that all the points lie on a smooth curve (Fig. 16). 

From the results given in Table VI and those obtained 
from welds made on 14 S.W.G. Al-clad Al-Cu-Mg-Mn alloy 
to D.T.D.390 the curve shown in Fig. 17 has been plotted. 
This is similar to that shown in Fig. 16 and shows that at 
this temperature clad alloys behave very much like a homo- 
geneous material as far as deformation is concerned. 

Another method used in an attempt at reducing the total 
deformation required was the interposition of a foil con- 
taining 5% of silicon, in aluminium, between two aluminium 

sheets. The foil has a solidus temperature lower than the 

sheets and the whole was raised to a temperature just above 

the solidus of the foil (595°C.). This method of obtaining 
a joint is feasible, although, as it is really a brazing process, 
no further experimental work was done. 

(b) Effect of the previous cold work of the sheet—In 
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Fig. 15. Deformation gradients in laminated specimens. 
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view of the great effect of cold work on recrystallisation 
temperature an attempt was made to determine the effect 
of previous cold work on the strength of the welds in super- 
purity and commercial purity aluminium which had had 
various degrees of rolling and annealing treatments. 


Some hard rolled super-purity aluminium 0.028” thick 
was obtained of which part was fully annealed at 350°C, and 
welds were made in both conditions. The results are shown 
in Fig. 21. It was difficult to divorce the effect of cold work 
on the strength of the sheet, which influences the strength 
of the weld, from any effect the condition of the sheet may 
have had on weldability. Also the hardness of the sheet is 
likely to effect the contact resistance and therefore the weld 
strength at low deformations. 


In order to investigate the effect of sheet deformation 
further, commercial purity aluminium rolled to 20, 50 and 
80% deformation was obtained. Welds were made using a 
range of deformations at 200°C. and 500°C. At the lower 
welding temperature of 206°C, the harder materials did not 


TABLE Vil. 


Results of Deformation Tests on Laminated Specimens 
(8 x .028” thick). 


Tempera- | Pressure % Deformation Ratio 

Alloy ture °C. Ib. sq. in Mean l Hox. Max./Mean 
c.P. Aluminium 350 20,000 52.0 74.0 1.42 
” ” $00 10,000 49.0 70.0 1.43 
* 500 5,000 12.5 24.0 1.92 
D.T.D. 346 500 25,000 66.0 91.0 1.38 
5.P. Aluminium 500 5,000 36.5 54.0 1.50 
” ” 500 7,000 48.0 70.0 1.46 


. completely soften with the result that welds in the initially 


harder tempers were stronger than those in material with 
only 20°, deformation initially. At 500°C however, all three 
materials were fully annealed by welding, and the load-weld 
deformation curves were identical with the limits of weld 
consistency, and no significant differences could be found 
when starting with material of different initial deformation. 


(c) The effect of time—Owing to the limitations imposed 
by the apparatus it was not possible at first to investigate 
fully the effect of varying the time of welding. The normal 
welding cycle entailed a heating up time of 2 minutes fol- 
lowed by a welding time of 3 minutes. The heating up time 
could not be shortened appreciably but tests were made on 
the Al-Mg-Si alloy and Al-clad Al-Cu-Mg-Mn alloy 
(D.T.D.390) using various welding times of from 3 to 15 
minutes. At 500°C both materials show the same tendencies, 
i.e., an increase of strength corresponding to the increase 
of deformation which occurs with increasing welding time. 


Teme Cc 
x OT0 346 $00 
SP AI $00 
+ CPA! $00 
330 
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Fig. 16. Variation of deformation Fig. 17. Relation between internal 

near the interface with mean defor- cladding deformation and mean de- 

mation. formation for Al-clad Al-Cu-Mg-Mu 
alloy to DTD 390 (0.080” thick). 
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In all cases it is a reasonable assumption that some welding 
has occurred during the heating up period (Fig. 18). 

With improvement in the apparatus it became possible 
to make welds in very much shorter times than hitherto. 
The effect of welding times of from 1 to 15 minutes duration 
with heating up times of 1 minute was determined on three 


MARON EAS 


° - 
roamationy 


BELONG Time (mins) 

Fig. 18. Effect of — on Aluminium clad Al-Cu-Mg-Mn alloy 

(DTD 390). 0.080” thick. 

alloys, viz.: annealed Al-Mg-Si alloy (D.T.D.346), Al-Cu- 
Mg-Mn alloy (B.S.S.5L3), and the aluminium-7% mag- 
nesium alloy. In order to reduce the variables, an attempt 
was made to keep the deformation constant by reducing the 
pressure after 2 minutes to a value merely sufficient to hold 
the specimen in the dies. The actual conditions were: 1 
minute heating up time, 1 minute at temperature with full 
pressure applied, 0 to 15 minutes at temperature with 
reduced pressure (i.e., “ post-heating time”). In the case 
of D.T.D.346, there appears to be a steady improvement in 
weld strength with increase of time (see Fig. 19). With 


B.S.S.5L3, there is an initial drop of strength which is rather ° 


difficult to account for. However, it appears that heating at 
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2 19. Effect of post-heating time on welds made in Al-Mg-Si alloy 
to DTD 346). 0.048 thick. Surfaces pickled and scratch-brushed 


Welding time: 2 minutes. Pressure: 6,000 ibs./in2. Temperature: 520°C. 
Specimens quenched from temperature and aged 


solution temperature after welding would benefit welds in 
the age-hardening alloys. In Al-7% Mg. alloy it appears 
that welding is facilitated by post heating for 4 minutes 
after which annealing of the parent sheet reduces the 
strength. 

The effect of welding times of from 5 to 30 seconds was 
determined for hard C.P. aluminium and from 10 to 60 
seconds for Al-Cu-Mg-Mn alloy to B.S.S.5L3. As it was 
impossible to measure the weld temperature in these very 
short times, the thermocouple was inserted in the dies and 
the dies maintained at a constant temperature during the 
test. 

For aluminium, with the dies at 585°C., welds were 
obtained at 3, 5, and 10 seconds, but these were erratic, and 
it was not until 15 seconds were reached that consistent 
values could be obtained. The experiment was repeated with 
the dies at 300°C. with similar results. 

In the case of the Al-Cu-Mg-Mn alloy to B.S.S.5L3 the 
results were rather more difficult to interpret. The die 
temperature was 495°C. No welds were obtained at 5 sec- 


onds even with a die temperature of 540°C. This .nay be 
due to the failure to heat up the specimens to the minimum 
welding temperature in the time. At 10 seconds consistent 
welds were obtained. However, after this the weld strength 
deteriorated until at 30 seconds the strength was about half 


TABLE Vill. 


Summary of Results obtained with Short Welding Periods. 


C.P. Aluminium: (18 -|C.P. Aluminium (18| Al-Cu-Mg-Mn Allo 
S.W.G.) Dies at S.W.G.) Dies at} (BSS.5L3) (18S.w. .) 
300°C. 585°C. Dies at 495°C. 


Max. Load % Def. 


0 
1210 

700 

79° 
1400 
1040 


that at 10 seconds. From 30 to 60 seconds showed a gradual 
improvement to the values obtained with normal welding 
times. 


A summary of these results, showing the maximum 
strengths obtained after various times for both alloys, is 
given in Table VIII. 


(d) The effect of surface condition. Surface condition 
was found to play a very important part in determining the 
minimum deformation at which welding starts. This can 
be seen particularly well by comparison of the load deform- 
ation curves for the Al-Mg-Si alloy, where the welding 
range is increased greatly by the use of scratch-brushing 
and pickling instead of electrolytic polishing. (Figs. 23 
and 24). 

In the case of Al-7% Mg the difference in contact resist- 
ance between the hot caustic soda pickle and the electrolytic 
polish is not great and consequently the degree of deforma- 
tion necessary to cause welding would be expected to be 
similar. However, there is no doubt that the relatively large 
difference between the contaet resistance of the electro- 
polished and pickled and scratch-brushed surfaces in the 
case of the Al-Mg-Si alloy is the cause of the improved 
weldability in the latter condition. (Table IX). 


When the Al-Cu alloy is welded with a piece of 
aluminium-foil interposed between the surfaces, the contact 
resistance is reduced from 48.0 to 12.3 microhms, and there 
is little doubt that this is in part responsible for the redue- 
tion of the deformation required for welding from 50 to 


/O* 


While it is generally considered that scratch-brushing 
the softer alloys such as pure aluminium, D.T.D.390 and 
D.T.D.213A gives low and consistent contact resistances, 
the contact resistance was not found to be consistent in the 
case of D.T.D.390 (14-gauge). For example, two series of 
readings made on two pairs of strips could be divided up in 
each case into low and high readings as follows:— 


CONTACT RESISTANCE (Microhms}. 
Pair 1 Pair 2 


Mean .... 13.8 


The high mean value is the same in each pair, oo as 
low mean value is approximately of the same ore’ 
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another pair of strips the individual readings were all low 


would naturally be expected to produce an even lower 
resistance. 

Some corroboration of the theory is obtained by a study 
of the rate at which contact resistance increases with time 


of exposure to the atmcz phere. 


For example the figures 


given in Table X were obtained on solution treated Al-Mg-Si 
alloy. 


The reason for the difference in the behaviour of the two 


surfaces is believed to be the growth of the oxide film to a 
limiting thickness which is never greater than that which 
can be squeezed out by the high localised pressures caused 


"be 
um as follows:— 
on 28, 18, 12, 7, 12, 10, 5, 7, 16, 5, 7, 7, 12, 10 
h Mean=10.6. 
= In this case the mean value: is nearer to the lower mean 
| value of the former series. It is probable that this type of 
inconsistency is responsible for the scatter in the joint 
TABLE IX. 
. Contact Resistances of Al-Mg-Si and Al-7% alloys with surfaces 
7 prepared in various ways. 
o 
Contact Resistance Deformation 
Preparation (Microhme). | welding stare 
Al-Mg-Si__... | Electro-polish 97,000 60 
(D.1.0.346) Pickle and scratch- 
brush eee eee 17.0 1 
Al-7% Mg. .. | Electro-polish soe 19,000 40 
ve NaOH pickle (10% 
plus HNO; | 
strengths, and since these values generally tended to be high 
lual or low, two curves are plotted for joint strength against 
ling welding time in Fig. 18. 

In the case of aluminium which had received 20% deform- 
4um ation in rolling, it was found possible to obtain a contact 
3, is resistance of 1.8 microhms by scratch brushing and 1.3 

microhms by carefully controlled pickling. The load- 
tien deformation curves obtained by welding this material pre- 
the pared by both these methods are shown in Fig. 20. It will 
can 
rm- OF FORMATION SHEET = 20 %e + SCRATCH BRUSHED A=) 8 x OF 
ding | WELOINC TEMP $00%C PICKLED IM 10 HyPO, AND HNO, CAM) 3 OHMS x 
hing wo- ° 
. 2 > 
| SCRATCH B@USHEO 
sist- 
lytic lool 
rma- § | 
o be seal PICKLED 
arge 
tro- ¢ 
the 
oved 
of 
> 
duc- Fig.°20. Effect of cleaning method on the strength of welds in 
5 to : ¢.p. aluminium. 0.050” thitk. , 
¥ {See Figs. 20-29. Double lines indicate welds which have failed by pulling out 
from one or other of the test strips. ] 
hing be seen that in spite of the similarity of contact resistances 
and the scratch brushed surfaces give much stronger welds. 
nces, The reason for this is thought to lie in the roughness of the 
1 the scratch brushed surfaces. The ridges on the two surfaces 
2s of are brought into contact with each other and the oxide film 
Ip in remaining is Squeezed out by the very high localised pres- 
sure which exists, producing metal to metal contact. 

Whereas with pickled surfaces which are relatively smooth 

low contact resistances are brought about by virtue of the 
gh TABLE X. 
Contact Resistances of Al-Mg-Si alloy with varying delay time 
: between preparation and measurement. 

) | Time after Treatment Contact Resistance (microhms) 
(hours) 
. | Scratch brushed Pickled 
0 
0.25 
1.0 19.5 15.8 
4.0 24.6 71. 
5.8 22.0 27.7 470 
| 72 18.0 (too high 
47.0 _ 26.0 to measure ) 
h 20° C. Relative humidity 70%, 
>» the ; 
On thinner oxide film present. The combination of the two 
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by the roughness of the scratch brushed surfaces. The 
TABLE XI. 
Contact Resistance of Macro-etched Surfaces. 
Etched in mixture of HF, HC! and HNO, 
Resistance 
‘ Alloy (microhms) 
C.P.A (hard) = 4.5 
D.T.D.346 (Solution treated) ... ee 3.2 


oxide film on the smooth pickled surface of this alloy is thin 
enough to produce comparatively low resistances immedi- 
ately after pickling, but as the film grows, it becomes more 
and more difficult to break it down electrically. 


It was found possible to produce rough surfaces by 


macro-etching aluminium alloys very severely in a solution 
of three acids, HF, HC! and HNO,. Surfaces prepared in this 
way gave low contact resistance as shown in Table XI. 


Considering the severity of attack and the lack of control 


of the process these results appear to confirm the above 
theory. 


Unfortunately it would not be possible to apply 
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Fig. 21. 
Surfaces pickled and 
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Super purity aluminium 0.027” thick welded at 350°C. 
scratch-brushed 


this method on anything but the smallest laboratory scale, 
and the fatigue properties of such surfaces would in al] 


probability be very poor. 


The conclusion that was drawn from this in the case of 
the aluminium-base alloys was that all surfaces should first 
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Fig. 22. Commercial purity aluminium (BSS 2L4) 0.052” thick. 
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Fig. 23. Al-Mg-Si alloy (to DTD 346) 0.075” thick. Electrolytica'ly 
polished 
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Fig. 24. Al-Mg-Si alloy (to DTD 346) 0.066” thick. 
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Fig. 25. Al-Mg-Si alloy. Solution treated. 0.048” thick. Pickled and 
scratch-brushed 
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Fig. 26. Aluminium-ci7d Al-Cu-Mg-Mn alloy (DTD 390). 0.050” thick. 
Pickled and scratch-brushe. 
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Fig. 28. Al-7% Mg alloy. 0.050” thick. 
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Fig. 29. Mg-Mn alloy (AM 503). 0.065” thick. Dechromated and 
scratch-brushed. 
Welding temperature: (a) 200°C. (b) 350°. (c) 500°C. 


be pickled and then scratch brushed immediately prior to 
welding. This was done in the later stages of the work and 
gave improved results. 

(e) Mechanical properties—The results of the mechani- 
cal tests are shown in the load-deformation curves (Figs. 
21 to 29). 

Although, as is shown in Table XII, the strength of these 
welds compares very favourably with spot welds, it was 
realised that this comparison was not strictly accurate 
owing to the greater area of the pressure welded specimer. 
Hence ari attempt was made to calculate the apparent shear 
stress of the welds in some alloys. 

It must be remembered that due to the severe bending of 
the strips in the vicinity of the overlap, conditions of tes*ing 
are less favourable in the case of these pressure welds; also 
that total area of contact does not necessarily indicate 
total area of weld. 

The results of the “U” test on D.T.D.213A have been 
plotted with the other data relating to welds in this alloy)" 
Fig. 27. It will be seen that for all deformations the 
strength in the “ U ” test is about 3 to 4 of that obtained by 
the normal method of test. This is about the same propor- 
tion obtained from similar tests on spot welds. “ Pull out 
failure in the “U” test started at about the same weld 
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deformation as for the normal test. 

As the Al-Mg-Si alloy is of the age-hardening type, the 
age-hardening of welds made in this alloy was examined. 
» One half of the welds made on 16 S.W.G. material were 
quenched from the welding temperature of 540°C. in cold 
water with about 5 seconds delay, and afterwards aged at 
160°C. for four hours.** An increase in strength of about 
20% results (Fig. 24). This is not the highest figure that 
could have been expected as the hardness 4” from the centre 
of the weld after ageing was only 87 (V.P.N.) although the 


While it was necessary to quench from the welding tem- 
perature in order to get precipitation hardening in the 
Al-Mg-Si alloy, with Al-Cu-Mg-Mn alloy (B.S.S.5L3) this 
was not found to be necessary. Air cooling from the welding 
temperature (490°C.) was sufficient to cause an increase in 
hardness of from 88 to 121 V.P.N. after 200 hours. 

The same effect was observed in Al-clad Al-Cu-Mg-Mn 
alloy (D.T.D.390) welded at 490°C. Welding B.S.S.5L3 at 
350° was found to give strengths slightly greater at the 
higher deformations than at 490°C., which was contrary 


TABLE XIil. 
Comparison of Failing Load and Shear Stress between Spot Welds 
and Pressure Welds in some Alloys. 


Failing Load Ibs. Apparent Shear Stress (tons/in.2) 
Alloy S.W. Pressure Weld. 
Gauge Pressure weld | Spot Weld* isogrex. Spot Weld 
(0.45 dia.) .187—0.25” dia.) | On Total Area On Die (approx. ) 
of Contact Area 

18 750 400 1.36 2.1 
Al-7% Mg. ... 18 1250 800 1.33 3.5 10 
Al-Mg-Si__... eos 22 650 400 1.8t 1.8 6 
(as welded) 16 1800 800 1.6 5.1 6 
ee ope we 16 2200 1200 2.0 6.2 8 
D.T.D. 390 ... eco 18 1500 600 2.9 4.3 10 
eee 10 1800 2000 2.4 5.1 10 
B.S.S. 5L3 ... 18 1100 600 2.4 3.1 10 


*In the case of spot welds, the figures given apply to the size of welds 
normally used with thickness of sheet specified. 
*+In thin sheets the actual area of interfacial contact is little greater than 


the die area. 


maximum hardness of this alloy is about 110 V.P.N. 

It will be noticed that ageing has changed the point at 
which pull-out failure occurs, from 10% deformation to 60% 
deformation, presumably owing to an increase in the 
strength of the metal immediately adjacent to the weld. 
Also it has prevented the premature failure of the basis 
metal that occurred when the welds were tested in the soft 
condition. Ageing had not hardened the specimen along 
its whole length, since the temperature at the ends of the 
specimen was below the solution temperature when 
quenched. The hardness 33” away from the centre of the 
weld was 44 V.P.N. This difficulty, however, would not 
apply where the whole job could be heated to an even tem- 
perature during welding. 


“Better results have been obtained by using an ageing time of 16 hours. 
TABLE 


to the general experience of the investigation. However, 
the high pressures that are necessary at 350°C would in all 
probability forbid its use at this temperature. 

A summary of the strength of welds made in most of the 
alloys at various temperatures is given in Tables XIII and 
XIV. Column 4 gives the maximum strength reached by the 
strength-deformation curve. Column 5 gives the deform- 
ation in % at which the maximum strength occurs. Column 
6 gives the strength of a weld made with a deformation 
of 20% interpolated from the strength-deformation curve. 
This might be considered a useful practical deformation. 

The effect of sheet thickness is quite pronounced. One 
reason is the more rapid increase of interfacial area which 
occurs in the thicker sheets as the deformation is increased, 
another, the increased rigidity or resistance to tilting during 


Summary of Mechanical Properties of Pressure Welds in Aluminium Alloys. 
Total Welding Time=5 mins. 


pe 2 3 4 5 6 7 
Alloy and i 
Condition fore Welding Gauge Temp. °C. % % Remarks 
C.P. Al (hard) 18 500 625 68 380 Pickled 
18 250 680 68 350 os 
18 200 850 70 750 Pickled and scratch- 
brushed 
Al-Mg-Si (D.T.D. 346)... enn 16 540 1800 60 1600 As welded 
16 540 2200 60 2000 Aged after welding 
i8 520 1150 80 700 
22 520 763 70 680 As welded 
Al-Mg-SiSol’ntreated ... 530 1650 Aged after welding 
18 520 1300 75 750 Aged ,, 
18 350 750 20 750 
| Al-Mg. 
| Mg-SiAged 18 520 1100 55 900 Aged ,, 
Al- 
| AlMn (0.7.0. 213A) 16 575 1100 80 500 Scratch-brushed 
| 16 500 65 300 , ” 
16 350 720 50 350 ° 
Ai-Ni 
. is 350 700 80 275 
["Sarentteeeenees 18 150 800 80 No weld 
| Alclad Al-Cu-Mg-Mn (D.7.D. 390)... 18 490 1550 80 900 
trhceatieeesieeeees 18 350 1400 50 1000 
)MI%Mg... 18 500 1250 80 300 
18 350 1000 75 No weld 
| -Cu-Mg-Mn (B.S.S, 5L3) 18 490 1400 90 1150 
18 350 1600 70 1100 


**Better results have been obtained by using an ageing time of 16 hours. 
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testing. The two age-hardening alloys D.T.D.346, ana preparation. This is probably the cause of the poor results 
B.S.S.5L3 hold a high place in the oc Aluminium clad on the magnesium-base alloys also. 

Al-Cu-Mg-Mn alloy (D.T.D.390) also holds a high place at 
aa gaite deformations, but like commercially pure alu- MICROSCOPICAL EXAMINATION 

minium does not weld readily at very low deformations. The majority of the micro-specimens were made from the 
The aluminium-manganese alloy is probably the best of the specimens which had failed by “ pulling-out ” of the sheet 
work-hardened alloys; moreover, recent work in progress and which therefore left the weld zone undamaged. The 
has shown much improved results, which suggest that this microstructure of welds in each alloy is dealt with sepa- 
alloy is one of the most satisfactory alloys over a wide range rately. 


of temperatures. The reason for the poor results on the Commercially pure aluminium—Two welds were exam- 
Al-7% Mg alloy is probably due to the difficulty of surface ined, one welded at 575°C. with a deformation of 75% and 
TABLE XIV. 


Summary of Properties of Welds in Magnesium Alloys. 
(Welding time = 5 minutes) 


3 
Temp. °C. 


5 


% Def. at Load at 20% 
(Ibs.) Max. Load Def. (ibs.) 


85 


6 


Mg-Mn 


Mg-Mn-Ce 


Mg-Al-Zn 


4 


Te 


“ 


oat 
4 > 
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Fig. 30.—Weld in C.P. Aluminium at 575°C.. showing complete inium at 200°C. (X 500). 
recrystallisation and some oxide'inclusions (X 209), Etched Etched as above. 


In 20% HF + 20% HNO. 


Fig. 32—Weld in D.T.D.213A (Al-Mn) at 500°C. Interface Fig. 33.—Weld Jin Mg,Si type alloy at 
small oxide inclusions (X 400). Etched in 10%, Etched in 2% HF. + 24% HNO,. 
H,SO, at 100C. for IS mins. (Interface marked by arrows.) 
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Vite 

Alloy Gauge 

16 200 650 90 0 

ree 18 500 850 90 320 

18 350 1000 75 250 

18 300 550 75 
18 500 "70 95 250 

18 350 540 70 0 

o 


the other welded at 200°C. with a deformation of 71%. All 
surfaces were scratch-brushed before welding. When 
etched the higher temperature weld showed no interfacial 


ne line in some parts and complete recrystallisation across the 

et interface with general grain growth (Fig. 30). The low 

he temperature weld shows an interrupted interface, but there 

all has been no recrystallisation across the interface (Fig. 31). 
However, union has been sufficiently strong for both welds 

m- to fail by “ pulling out ” of the sheet. 

nd Al-Mn alloy (D.T.D.213A)—In a weld made at 500°C. at 


83% deformation, with normal etching, no interfacial line 
was visible. However, after etching in boiling 10% H.SO, 
for 15 minutes slight traces on the interface were noticed 
(Fig. 32). It was not found possible to etch the grain 
boundaries in this alloy and therefore no decision could be 
made as to whether recrystallisation had occurred. 
Al-Mg-Si, alloy (D.T.D.346)—After prolonged etching 
in a boiling solution of 10% sulphuric acid, a weld in this 
alloy made at 350°C. with 76% deformation with surfaces 
electro-polished, showed an interfacial line visible nearly 
the whole length of the weld. It is particularly difficult to 
show up the grain boundaries in this alloy and it was not 
possible to see any definite signs of grain growth across the 
interface. In a weld on surfaces prepared by pickling and 


< 


ix; 


Fig. 34.—Weld in Al-7% Mg at 500°C. X 500. Etched in 
10% H,PO,. 


Fig 36.—Weld i 5% 
Stee sk. Al-5% Cu, with interposed Al foil, made at 


ing diff 
as ebaua, ng usion and recrystallisation X 200, Etched 
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scratch-brushing, made at 520°C. with 82% deformation, 
etching showed up an extremely fine intermittent interfacial 
line (Fig. 33). In certain welds which gave high strength 
values in 18 S.W.G. Al-Mg-Si alloy to D.T.D.346 welded in 
the solution treated condition there were signs of melting of 
the grain boundary constituents. The temperature was 
not above 530°C. which should have been below the solidus 
for this alloy. However, when welding was carried out at 
higher deformations, collapse of the specimens due to the 
presence of a liquid phase ensued. The melting of grain 
boundary constituents was not detected in the high 
strength welds in the 14 and 16 S.W.G. sheets of this alloy. 

Al-7% Mg.—A weld made on electro-polished surfaces 
at 500°C. with 67% deformation was examined. This showed 
a broken or “ dotted” line interface with definite evidence 
of recrystallisation in between. A further weld with sur- 
faces pickled in 10% phosphoric acid showed a fine inter- 
facial line which was only broken in a few places by 
crossing grains. This line was, however, not the straight 
original interface but appeared to be an irregular inter- 
crystalline boundary (Fig. 34). 

A weld made between a piece of Al-7% Mg and a piece 
of Al-Mg-Si alloy showed a broken interfacial line without 
etching. This weld was made at 470°C. with 81% deform- 


Fig. 35.—Weld in Al-S% Cu alloy at 520°C. X 50). 
Etched in 4°, HF X 10% HNO,. 


Fig. 37,—Weld in “ Alclad ” D.T.D.39) made at 353°C. with 84% 
deformation X 50. Unetched. 
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ation and had a shear strength of 1470 lbs. Both pieces 
had been pickled in 10% phosphoric acid for three minutes 
before welding. 


. Al-Cu alloy, welded at 520°C.—Almost complete recrys- 
tallisation has occurred throughout the weld at 88% 
deformation (Fig. 35). There are some traces of oxide 
towards the edges of the specimen. 


The interposition of aluminium foil causes welding at a 
lower deformation, and Fig. 36 shows a weld made with foil 
at 59% deformation. Recrystallisation has occurred with 
some grains absorbing all traces of the original foil, showing 
that diffusion must have occurred. There are traces of oxide 
in some places but these are now situated at grain bound- 
aries. 


Welds in the Al-Cu-Mg-Mn alloy to B.S.S.5L3 were very 
similar, showing appreciable recrystallisation at 490°C. 

Aluminium clad Al-Cu-Mg-Mn alloy (D.T.D.390)—Many 
microsections of welds in D.T.D.390 have been examined, 
principally to determine the thickness of the deformed 
cladding. In all cases recrystallisation was visible to some 
extent along the interface between the two halves of the 
joint. Welds between electro-polished surfaces showed 
broken lines of oxide inclusions with recrystallisation in 
between. A weld of this type made at 350°C. wth 84% 
deformation is shown in Figs. 37 and 38. Some of the oxide 
inclusions have grain boundaries apparently cutting-across 
them, which suggests that the grains have recrystallised 
around an inclusion. While there are signs of core-cladding 
diffusion, there is no evidence to suggest that diffusion has 
occurred up to the interface. In this case, therefore, the 
strength of the joint is merely equivalent to that of com- 
mercial purity aluminium supported by the harder core. 
The hard core increases the strength of the joint by helping 
it to resist some of the bending imposed in the normal test. 


Magnesium-rich alloys.—The Mg-Mn-Ce alloy (A.M.537) 
was remarkable for its extremely fine grain size. A weld 
made at 350°C. with 883% deformation and etched by polish 
attack is shown in Fig. 39. There was no trace of an inter- 
facial line over the whole length of the weld but, owing to 
the extremely fine grain size, it was impossible to ascertain 
whether recrystallisation had occurred across the interface. 


The straight Mg-Mn alloy (A.M.503) had a far larger 
grain size than A.M.537. A weld made at 500°C. with 83% 
deformation showed no interface in the centre of the weld 
but a distinct line at the edges. (Fig. 40.) 


THEORETICAL CONSIDERATIONS 


When this investigation was commenced the assumption 
was made that welding by pressure at high temperatures 
occurred as a result of recrystallisation of the metal across 


* 


sation in cladding X 300. 


Fig. 38.—As in Fig. 37 showing r 
Etched in 2% HF + 24% HNOs. 
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the interface. The results obtained so far do not appear to 
support this view since in some of the welds no evidence of 
recrystallisation across the interface was found by micro. 
scopic examination, and the temperature at which the 
welding occurred was in some cases below the recrystallis- 
ation temperatures of the materials quoted in published 
information. 


The published information on the subject of the recrys- 
tallisation temperature of light alloys is very sparse; most 


350°C. with 83%, deformation X 500. No etch polish attack. 
(Positicn of interface shown by arrows.) 


of the work available has been carried out by the two 
German workers Bungardt and Osswald.t They used the 
Debye-Scherrer, or transmsision X-ray method. The begin- 
ning of recrystallisation was judged by the appearance of 
isolated crystals giving rise to spots on the diagrams. It 
was found® that an aluminium with a purity of 99.96% had 
a much higher recrystallisation temperature than that of a 
previously used material with a purity of 99.43%. On the 
other hand according to Trillat® an aluminium with a purity 
of 99,9986% cold worked into 95.3% deformation, showed 
signs of recrystallisation after 12 hours at 20°C. and 30 
minutes at 25°C. According to Wildmann! silver also shows 
similar variations with the small amounts of impurities. 


Hansen and Moritz’ carried out work on duralumin sheet 
2mm. thick also using X-ray technique. Recrystallisation 
began at 450°C. for a deformation of 5% and at 300°C. for 


100. No 
Fig. 40.—Weld in Mg-Mn alloy (A.M.503) at 500°C. * ; 
: etch polish attack. (Position of interface shown by arrows 
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a deformation of 75%. It was also found that small reduc- 
tions at high temperatures gave larger grain sizes than big 
reductions. They found that a rapid increase in grain size 
occurred just above the minimum recrystallisation tem- 
perature with small increases in temperature and deforma- 
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Fig. 41. Effect of composition in binary alloys and percentage deformation 
in the recrystallisation 
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tion. The analysis of the alloy was as follows: Cu 4.3%, 
Mn 0.4%, Fe 0.3%, Mg 0.85%, Si 0.83%. The annealing time 
was 25 hours. The temperature deformation curve is shown 
in Fig. 41(c). 

Bungardt and Osswald carried out a considerable amount 
of work on the straight aluminium-copper alloys‘, and the 
recrystallisation temperatures for various percentages of 
copper at 50 and 80% deformation are shown in Fig. 41(d). 
As in all their work, an anneal of 4 hour was given. They 
have also investigated the effect of time for a number of 
these alloys, the results being given in Table XV. These 
figures are particularly interesting, in that they show that 
at temperatures considerably above the recrystallisation 
temperature (e.g., at 491°C.) total recrystallisation has 
occurred in times as short as one second. At a temperature 
of 354°C. (only just above the recrystallisation temperature 
recrystallisation is complete in most cases in 10 minutes, 
and in all but one case noticeable in 10 seconds. 

It appears that material which has been annealed before 
deforming, recrystallises more readily than material in the 
solution heated and aged state (quenched from 500°C., aged 
14 days at room temperature). 


TABLE XV. 
Influence of Time on Recrystallisation of Al-Cu Alloys.* 
State % Recrystallisation at 
oy lore % Def. - Grain 
! 10 
deform. growth 
99-96 Al 85 354 95 | definite 
growth. 
85 491 50 | 100 | 100 | 100 | strong 
growth 
84 354 10 
341 Cu } 70 | 90} 100 | def 
R.T. 84 491 100 | 100 | 100 | 100 | strong 
i 79 491 100 | 100 | 100 | 160 | not notice- 
le. 
79 491 100 | 100 | 100 | 100 | not notice- 
able. 
*)384Cy 
8! 5 0 
Aged at 71° 
06 Ay RT. 8! 491 100 | 100 | 100 | 100 | not notice- 
able 
8! 491 00 | 100 | 100 | 100 | not notice 
——_! able. 


lisation temperature from 260—380°C. for 50% deformation. 
It remains at 380°C. until the Mn content reaches 1.87% 
where the recrystallisation temperature starts to fall 
rapidly. The alloy D.T.D.213A used in the present investi- 
gation has a Mn content of 1.25%. Hence it would be 
expected that the recrystallisation temperature for this 
alloy would be 380°C. at 50% deformation and 370°C. at 
from 80—85% deformation (Fig. 41 (a)). This should be 
noted as it has been found that welds can easily be made in 
this alloy at 350°C. and one weld has been made with a 
deformation of 60% at 150°C. 

A considerable amount of work has been carried out on 
the Al-Mg alloys by various workers. The curve shown in 
Fig. 41(b) has been obtained by Bungardt and Osswald.» 
They found that for magnesium contents above 5% deform- 
ations in the range 30—90% did not alter the recrystallisa- 
tion temperatures of the alloys. For the 3.44% Mg alloy 
the recrystallisation temperature was reduced from 270°C. 
at 30% to 240°C. at 90% deformation. © 

For the magnesium-rich alloys Siebel'® gives the follow- 
ing minimum recrystallisation temperatures for cold rolling 
in excess of 30%. 

AM. 503 Mg—2% Mn 110—120°C. 
AM. 537 Mg—2% Mn—0.2% Ce 240—250°C. 

For AM.503, Bungardt and Schiedt"! gave slightly higher 
figures, i.e., 230°C. at 8%, 140° at 43%, and 130° at 57% 
deformation. For AZM (Mg-Al-Zn), they give 245°C. at 
6% deformation and 233° C. at 17% deformation. 

Table XVI summarises the information obtained from the 
above sources on recrystallisation temperature. 


TABLE XVI. 


Recrystallisation Temperatures of some alloys according to 
various authorities. 


* Bungardt and Osswald. 


The effect of m 
perature of 
rather su 


manganese on the recrystallisation tem- 
aluminium as found by Bungardt and Osswald® 
prising. Up to 0.15% Mn raises the recrystal- 
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Recrystallisation temp. Solidus 
Alloy °C. at deformation of | Reference | temperature 

28%, 0% % 
C.P.Al aoe 150 — 12 650 
Al-Mn (D.T.D.213A) 390 380 370 8 660 
Ai—5% Cu ove 300 270 4 550 
Al-Cu-Mg-Mn 340 300 300 7 520 
Al—7 9 i 260 260 260 9 540 
AM.503 (Mg-Mn) ... 160 130 120 2 645 
AM.537 (Mg-Mn-Ce) 300 250 240 10 640 
AZM. (Mg-Al-Zn) ... 230 — — 1 520 


The data on recrystallisation temperatures obtained from 
the literature do not appear to be very reliable. There is 
plenty of evidence that the presence or absence of small 
quantities of impurities can have considerable influence on 
recrystallisation temperatures and it would be dangerous 
to assume that the recrystallisation temperatures of the 
materials investigated are necessarily similar to those 
quoted in the literature. 

In order to determine whether recrystallisation was a 
necessary factor in pressure welding some welds in Al-Cu- 
Mg-Mn alloy to BSS.5L3 were made at various tempera- 
tures and examined by X-ray methods. Transmission photo- 
graphs were taken of the original sheet in the fully heat 
treated condition which showed fairly large undistorted 
grains. Cold deformation by pressing of about 55% com- 
pletely obliterated the structure giving rise to continuous 
rings. Welds made at 355 and 375°C. showed some fairly 
large spots on more or less continuous rings suggesting 
that some traces of the original structure have remained 
and that recrystallisation has started but is not complete. 
Welds made at 420° and 446°C had a uniformly fine grain 
structure and recrystallisation was presumably complete. 
Back reflection photographs of these welds showed that, 
unlike the sheet deformed in the cold, they were all prac- 
tically stress free. 

Transmission photographs of commercial purity alu- 
minium with 20% deformation in rolling, showed that this 
material had a grain size just large enough to be readily 
detectable. Further 60% deformation by pressing in the 
cold produced smooth rings. Of welds made at 167°, 215° 
270°, 280°, 300° and 350°C, the first gave a picture with 
perfectly smooth rings with no evidence of new crystal 
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growth and the remainder showed progressively more or 
less uniform grain growth. 


Thus, in all the welds in the Al-Cu-Mg-Mn alloy so far 
examined it is probable that the recrystallisation process is 
going on at the same time as the deformation since the 
welds are stress free. In the case of commercial purity 
aluminium at 167°C. there is no sign of the formation of new 
grains and it may therefore be concluded that while recrys- 
tallisation occurs to some extent in nearly all the welds 
examined, detectable recrystallisation is not essential to the 
process. 


There is no evidence obtainable by normal X-ray methods 


as to whether or not any recrystallisation has taken place 
across the interface. 


DISCUSSION OF RESULTS 


The foregoing shows conclusively that the welds can be 
produced by the simultaneous application of pressure and 
heat at temperatures below the solidus. In many cases this 
requires large deformations and is therefore only applicable 
to a few special jobs. But this may be due to the fact that 
the right method of surface preparation has yet to be found 
and when it is, it is probable that the deformation required 
to obtain a weld will be very much lower than at present. 


The process is certainly applicable to commercially pure 
aluminium, D.T.D.213A (Al-Mn), the Al-Mg-Si alloy 
to D.T.D.346, and the Al-Cu-Mg-Mn alloy to B.S.S.5L3. 


The relative weldability of the alloys investigated appears 
to be a function of the recrystallisation temperature and 
cleanliness or freedom from oxides as measured by the sur- 
face contact resistance. The inherent strength of the alloy 
influences the strength of the welds obtained. 


However, this is not a complete explanation. Commercial 
purity aluminium would be expected to have a.lower recrys- 
tallisation temperature than the Al-Mg-Si alloy. It defi- 
nitely has a lower tontact resistance. But in spite of these 
two advantages a good weld can._be obtained in the Al-Mg-Si 
material with as little as 5% deformation, while 20% 
deformation is required to get a good weld in aluminium. 


The mechanism by which welding occurs is still not ce: - 
tain but it is probably as follows:— 


The surfaces must be freed from oxide as far as is pos- 
sible, and when pressure is applied, lateral movement takes 
place along the interface, which breaks up the thin film of 
oxide remaining and causes fine crystal contact at various 
points depending on the cleanliness of two surfaces to begin 
with. Deformation will probably be necessary to cause 
growth of the grains across the interface. Increasing tem- 
perature provides additional energy and grain growth may 
begin across the clean interface as soon as the minimum 
incipient recrystallisation temperature is exceeded. 


It.does not appear that the degree of cold work of the 
original metal makes very much difference to its weldability. 
There are cases where welding has occurred without any 
signs of recrystallisation. This may be explained by the 
presence of complex low melting point constituents along 
the grain boundaries, or alternatively by the assumption 
that pressure welding has converted the interface into 
something approaching a grain boundary with relatively 
high strength despite the absence of any grain growth 
across the original interface. 


Kinsel'? shows that phase transformations are important 
in pressure welding, but few aluminium or magnesium rich 
alloys undergo such transformations in the solid state. 
Oxide removal by means of diffusion is probably more diffi- 
cult in light alloys than in steels, where Kinsel shows it to 
be quite easily accomplished. This is probably the main 
difference in the respective weldability of the two metals, 
and emphasises the importance of oxide removal before the 
welding of the light alloys is attempted. 


A matter for further work is the effect of additional heat 
treatment on these welds. It may well be that when welding 
has been initiated in the machine, additional heating in a 
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furnace at temperatures above the recrystallisation tem- 
perature will improve the strength of the welds. 


METHODS OF APPLICATION 


The most obvious method of carrying out this type of 
welding is in a press with heated dies. This method could 
only economically be applied to a component having a con- 
siderable amount of welding in relation to its size, which 
could be done in one operation of the press. In some cases 
forming and welding could be done simultaneously. For 
this method of welding very high pressures would be 
required, e.g., 600—2000 tons, and hydraulically operated 
presses would seem essential. 

Since completion of this work the author has been 
informed of the existence of a heat exchanger of enemy 
origin in Al-Mg-Si alloy which has been manufactured by 
pressure welding.'*, 

A deformation of 78% has been used in this instance, 
either because the surface condition was such as to make 
this a necessary condition for welding, or because it was 
needed for simultaneous forming and welding. 

If the surface condition was improved and the component 
was pre-formed, it would be‘possible to make this compon- 
ent with a deformation of 20%. 

For welding small areas rapidly by individual strokes as 
is done in spot weldjng, a quick acting hydraulic or mechani- 
cal press would be necessary, giving pressures in the range 
3 to 10 tons. For this method, heating the dies and trans- 
ferring the heat to the work indirectly would be slow and 
wasteful and it would seem that some other method would 
have to be sought. Resistance heating as is used in spot 
welding does not appear ideal as the temperature gradient 
obtained is very great and the interface would melt before 
it was possible to apply much deformation. Also, increas- 
ing currents are required as the surface resistance 
decreases, which is a distinct disadvantage especially as in 
pressure welding clean surfaces are absolutely necessary. 
High frequency induction heating might be usefully applied. 

The use of ultrasonics has been suggested both as a 
means of breaking up interfacial films and of causing a 
sudden increase in pressure. 

Carl? reports an interesting éxample of a weld without 
fusion made accidentally between the two discs of a brass oy 
the detonation of an explosive. The brass was half-hard 
0.035” thick, and after welding was somewhat harder than 
before. The latter effect may have been due to cold work- 
ing. His explanation of this phenomenon was as follows: 


“ According to theory, electrical conductivity is due to 
free electrons. These move within the body of the meta! 
with little interference. When the metal’s condition 
changes, as by a change of temperature or pressure, the 
number of free electrons (and its conductivity) also 
changes. 


Prof. Bridgemann of Harvard haz shown that the 
electrical resistance of most metals decreases when the 
pressure is increased. Increased pressure, then, causes 
a larger proportion of the electrons to exist in the free 
state. Now then, if two pieces of metal were held firmly 
together and subjected to extremely sudden pressure 
changes the number of free electrons would very sud- 
denly increase and decrease. The coherence of a metal 
is due to the electrons which are not free. When the 
number of electrons suddenly decreases or becomes fixed, 
it is conceivable that they might be in such a position as 
to cause adhesion between two pieces of metal as well 4% 
to remain entirely within the original meta).” 


Carl’s photomicrographs show the weld interrupted by 
voids or inclusions. He supposes that there was slippiné 
which broke up the oxide film and caused metal-meta! co” 
tact. This weld is very similar in many ways to those pro- 
duced by the author. It is possible that there ap merge 
heat generated to bring this about, but it is difficult 4 
understand how an increase in hardness (degree not state : 
could have occurred by this method. He also sugges's bas 
the application of ultrasonics to this type of welding ote 
considerable scope for experiment. 
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CONCLUSIONS. 


Provided sufficiently high deformations are used it has 
been shown that it is possible to produce pressure welds in 
all the alloys examined below the solidus temperatures. In 
the case of the Al-Mn alloy, the Al-Mg-Si alloy, the 
Al-Cu-Mg-Mn alloy, aluminium clad alleys and commercial 
purity aluminium it is possible to produce welds with a 
deformation as low as 20%. With the first two alloys it may 
even be possible to produce welds on a commercial scale 
with a deformation of from 5 to 10%. 

To do this a combination of chemical pickling and a 
mechanical treatment such as scratch-brushing would be 
necessary. A deformation of about 70% would be necessary 
to produce satisfactory welds on material with surfaces 
cleaned by pickling only. 

Welds can be made below the recognised recrystallisation 
temperature of most alloys if necessary, but to do this would 
require exceedingly high pressures. The minimum pres- 
sures for most of the alloys lie in the range 14—7 tons/in.? 

The effect of the initial temper of the cold worked alloys 
is very slight at high temperatures. But at low tempera- 
tures the additional strength obtained from cold working is 
largely maintained and increases the joint strength. 

It is suggested that this method could be applied with 
advantage commercially to components having a consider- 
able amount of welding in relation to their size, and that 
these could be welded in a heavy press with heated dies. 
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Discussion of Paper 
“Additional Timing 
Period of New Motor- 
Driven Control 
Increases Gun 


Welder Speed” 


By A. C. Johnson? 


HE new type of control discussed by Mr. Stanback 
has characteristics for which there has been a need 
in the welding industry. I have seen this equip- 
tment demonstrated and I am convinced that it will do all 
that Mr. Stanback claims for it. I should, however, like to 
“aution the reader in one respect. The fact that the con- 
trol is capable of operating 400 times a minute does not 
mean that one can make welds at that rate. At this rate 
©! operation, the overall sequence time available for a 
weld is nine cycles. For a quality welding job, the weld- 
ing time recommended for 0.030 mild steel is 8 cycles. 
R o obvious that in order to weld speeds approaching 
pa a minute, the weld time would have to be reduced 
adout 2 cycles in order to provide sufficient time for the 
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squeeze, hold and off periods. It is practical to weld 
under certain special conditions at the rate of 200 spots 
per minute, however, this only allows 18 cycles for the 
overall sequence and means that the squeeze, weld and 
hold times must be reduced to the point where the 
quality of the weld is questionable. 

The point I should like to make is that the short 
squeeze period necessary for these rates of welding can 
cause poor and inconsistent welds for the following 
reasons: 


1. The inter-face and electrode contact resistances 
will vary considerably from spot to spot. 
2. It will result in excessive electrode wear which in 


turn will help to produce poor and inconsistant welds. 


If a man is welding at an average rate of 50 spots per 
minute and saves, for example, 2 cycles on the squeeze 
time with the above mentioned consequences, in an hour 
he saves 100 seconds. I have been in production plants 
where the welders and supervisors insisted on using in- 
sufficient squeeze time because supposedly to increase 
production but would make no effort to reduce the load- 
ing time of the parts to be welded which may take a 
number of seconds for each operation. It is, therefore, 
my opinion that welding at these rates is false economy 
and that the producer of resistance welded parts would be 
wise to use fewer, more closely controlled and higher 
quality welds. 

I do not wish this discussion to detract in any way from 
the efforts of Mr. Stanback and his company who have 
made available a consistent high speed welding control 
which has a very definite place especially in the automo- 
tive industry but I do wish to caution the user that he 
must be careful in applying a control which makes possi- 
ble speeds which can result in inferior welded products if 
it is improperly applied. 
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Carbide Instability of 


Carbon-Molybdenum Steel Piping 


Abstract 


An investigation of the complete failure of a carbon-molyb- 
denum-steel steam pipe adjacent to a weld revealed the failure to 
be the result of graphite segregation. The examination of a num- 
ber of specimens taken from other welded joints in high-tempera- 
ture steam lines has shown that graphitization occurs in the base 
metal at the extremity of the heat-affected zone of the weld. 
Graphite may be present in either the “‘chain” or “‘nodular’’ form, 
depending upon the grain size and microstructure of the material 
as originally welded. Visual observation, bend testing, and micro- 
scopic examination have been found to give good correlation when 
examining specimens for segregated graphite. The use of rela- 
tively large quantities of aluminum as a deoxidant in steel is be- 
lieved to affect carbide stability adversely. The postheating or 
stress-relieving temperature used after welding is believed to be a 
most important factor in determining whether or not segregated 
graphite will occur in a steel which has inherent carbide instability. 


Introduction 


COMPLETE failure of a carbon-molybdenum- 

steel steam pipe adjacent to a weld occurred 

approximately 1 year ago. The investigation of 
this failure, and a number of other similar carbon- 
molybdenum steel pipe joints which had not failed, 
revealed that an extremely narrow band of iron-carbide 
or complex iron-molybdenum carbide was placed in a 
definite metastable condition at a distance of approxi- 
mately '/s to */1, in. from the fusion line of the weld as a 
result of the welding heat on the base metal. This 
narrow band of unstable carbide, though existent at the 
time welding is complete, is decomposed to the more 
stable form of ferrite and graphite as a result of subse- 
quent long-time subcritical heating in the temperature 
range of 850 to 1000° F., the operating temperature used 
in high-pressure generating stations. The decomposition 
of the carbide results in graphite precipitation which in 
turn gives rise to weakness, particularly from the stand- 
point of ductility. Sudden shock, either mechanical 
or thermal, on a joint which is severely graphitized may 
easily result in complete rupture. The width of the 
graphitized zone has been found to vary, but is usually 
of the magnitude of 0.001 to 0.01 in. 


Two Types of Graphitization Discussed 


A section of the fractured surface of a steam pipe which 
completely failed as a result of intergranular graphitiza- 
tion is shown one-half size in Fig. 1. Observation of this 
figure indicates that the failure occurred along the fusion 
line of the weld since each layer of welding, as it was de- 
posited, is clearly revealed on the fractured surface. 
Contrary to this, however, it was found that upon sec- 
tioning the failure, the fusion line of the weld was com- 
~~ * Metallurgist, Pittsburgh Piping & Equipment Company, Pittsburgh, Pa. 
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pletely intact. The failure had occurred in the base 
metal parallel to, but at a distance of approximately 
1/, in. from, the fusion line of the weld. A second pipe 
joint was removed from the line, sectioned, polished, 
and etched as shown in Fig. 2. 

The dark overlapping lines of segregated graphite at 
the extremity of the heat-affected zone (about !/; in. 
outside the fusion line of the weld) on each side of the 
weld are clearly visible in this figure. It is the path of 
the overlapping lines of segregated graphite, as shown in 
Fig. 2, which represents the path of rupture as shown in 
Fig. 1. Figures 3 to 5, inclusive, are presented to de- 
velop both the pattern of the graphite with respect to 
the metal structure and the detail of the graphite itself 
in a structurally coarse-grain carbon-molybdenum pipe 
material as shown in Fig. 2 having originally a Wid- 
manstatten carbide structure. 

The intersection of two ‘‘isotherms”’ or ‘“‘eyebrows’’t 
of graphite, as observed in Fig. 2, is shown in Fig. 3, ata 
magnification of 100 diam. It is to be noted that the 
graphite nodules follow predominantly the periphery of 
the coarse Widmanstatten carbide grains. These nod- 
ules, due to their number and gradual growth in service, 
eventually in some cases become connected to form a 


Fig. 1—Section of C-Mo Pipe Failure Adjacent to Weld 


(Failure resulted from intergranular graphitization; ~* 1/. 
t limes 


ig. 2 eprese! 
+ Since the dark, curved, narrow bands of graphite in Fig. 2 - each of 
of constant temperature, in the vicinity of 1350 to 1400° F, a Bee che tart 
the welding beads was deposited during the welding of the } nhitized 


“isotherm” has been used when referring to the individual — 
bands. These bands have also been called ‘“‘eyebrows or whiskers 
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shown in Fig. 7. Graphitization in the valve casting, 
while in a more advanced stage than shown in Fig. 6, 
was of the nodular type. It can be seen that complete 
fracture of the casting occurred along the graphitized 
zone. Graphitization was also present on the pipe side 
of the weld, though to a lesser degree, as evidenced by 
the greater angle of bending, and the opening of only 
one “isotherm.” It is to be mentioned that graphitiza- 
tion on the pipe side of this joint was of the chain type, 
but only partially developed. 


Effect of Grain Size and Metal Structure on Carbide 
Instability 


Observation of graphitization in numerous specimens 
of both cast and rolled carbon-molybdenum piping 
material adjacent to welds indicates that graphitization 
will occur in both structurally fine- and coarse-grain 
material having either a pearlitic or Widmanstatten 
carbide type of microstructure. 

The only two carbide structures usually encountered 


Fig. 2—Welded Joint Exhibiting Intergranular Graphitization 
at Extremity of Weld Heat-Affected Base Material 


(Graphitization occurred during 5'/: years’ service at 935° F. 
average service temperature; X 2.) 


semi-continuous to continuous chain of graphite. 
“Chain graphite,” as it has then been named, is made up 
fundamentally of graphite nodules. This type of graph- 
itization, however, is not to be confused with so-called 
“nodular” graphitization. 

The graphitization shown in Fig. 3 is considered by the 
author to be sufficiently connected both around and be- 
tween the Widmanstatten carbide grains to be identified 
as “chain” graphitization. The enclosed area of Fig. 3 
definitely contains a long ‘‘chain’’ of overlapping graphite 
nodules, in fact the graphite appears as a semicontinuous 
void orcrack. This area is shown in Fig. 4, at a magnifi- 
cation of 250 diam. Details of both the more dispersed 
graphite nodules as well as the overlapping nodules which 
make up the graphite ‘‘chain’’ can be seen. To develop 
further the detail of the graphite nodules which make up 
the chain, the enclosed area in Fig. 4 is shown in Fig. 5 
at 850 diam. magnification. It is believed this illustra- 
tion provides ample detail to prove the nodular make-up 
of this graphite chain. 

In contrast to Figs. 3 to 5, inclusive, graphitization of a 
fine-grained pearlitic structure in a cast carbon-molybd- 
«num-base elbow is shown in Fig. 6 at both 100 and 600 
diam. magnification. Since at 100 diam. the graphite 
nodules are lined up, this might be considered by some as 

chain graphite. Close observation, however, reveals 
that, while the average nodule size is larger than that 
shown in Fig. 3, definite separation of most nodules is 
“pparent. This is further substantiated at 600 diam. 
tor this Teason the author chooses to consider this as 

nodular” rather than “chain” graphite. Although a 
en such as shown in Fig. 3 is believed to be more 
ae than that shown in Fig. 6(a), it is not to be 

erred that the latter type of graphitization cannot be- 


equally as hazardous. Fig. 3—“Chain” Graphite 
wel d memtbesny made through the heat-affected zones of a (Intersection of isotherms showing graphitization to be pre- 
joming an upset pipe end to a valve casting, is dominantly intergranular in nature; X 100.) 
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are the Widmanstatten and pearlitic types, although the 
grain size associated with each of the two types has been 
found to vary from ‘‘fine’’ to ‘‘coarse.’’ As previously 
pointed out, a fine-grain pearlitic structure results in ‘‘nod- 
ular” graphitization, while a coarse-grain Widmanstat- 
ten carbide structure results in “chain’’ graphitization. 
The type of graphitization encountered is believed to be 
primarily dependent upon the grain size, rather than 
upon the carbide structure. This hypothesis is based on 
the well-established fact that the alpha-gamma trans- 
formation in steel occurs first at the grain boundaries. 
If a steel specimen is gradiently heated, as is the case 
during welding, there will be a certain location on the 
specimen where the temperature reached is just sufficient 
to produce grain-boundary transformation. 

For purpose of discussion, we may consider the pearl- 
itic- or carbide-containing grain in a fine-grain steel to 
consist essentially of grain boundary, and we may 
therefore assume the entire grain to transform. On the 
contrary, a coarse-grain material would transform only 
at the grain boundary. Since microscopic observation 
reveals that it is the grain-boundary structure which 
transforms at the approximate temperature level of the 
Ar, (1350° F.) during welding, which subsequently de- 
composes to graphite upon long-time heating in the tem- 


wm 


Tig. 4—-View of Enclosed Area in Fig. 3, at Higher Magnification 


(Note graphite detail showing “‘chain” graphite to consist of Fig. 5—View of Enclosed Area of Fig. 4, at Still Higher Magni 
small connected graphite nodules; x 250.) fication; < 850 
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(a) 100 


Fig. 7—Bend Test on Upset Pipe End Welded to C-Mo Valve 
Casting 


(Note fissure in pipe and complete fracture of valve casting; 
X 


perature range of 850 to 1000° F., it seems logical that 
the coarse-grain structure would be completely en- 
veloped by graphite within the zone of Ar; boundary 
transformation, while the entire grain of a fine-grain 
pearlitic carbide structure would graphitize. | 


Determination of Segregated Graphite 


Chree relatively simple tests, all of which give good 
correlation, can be applied to reveal the existence of 
seeregated graphite. These tests, all of which have 
een previously illustrated, are as follows: 


L. Visual or macroscopic observation. 

Bend testing. 

3. Microscopic examination. 

sonmly Segregated graphite can be revealed by all 

“iree methods, as illustrated by Figs. 2, 3 and 7; while 

naceaate segregation can be detected only by the latter 

: hi methods (Figs. 3 and 7). Graphite present in either 
ighly dispersed condition or in a partially developed 


ao tate of segregation can be found only by microscopic 
*Xamination. 
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(b) 600 
Fig. 6—Nodular Graphitization Adjacent to Weld in a Fine-Grain Cast C-Mo Elbow 


Factors Responsible for Carbide Instability and a 
Subsequent Graphitization 


The factors responsible for carbide instability and sub- 
sequent graphitization may be divided into two cate- 
gories, namely, those factors which are responsible for eee 
the formation of unstable iron or complex iron-molyb- feet 
denum carbide in carbon-molybdenum steel, and those ee: 
factors which are responsible for the actual breakdown fe 
of the unstable carbide to graphite. These are listed 
in what is believed to be the order of their importance. 


Factors responsibile for the metastable carbide: 


1. Steel-melting practice. 
2. Gradient heating and quenching of steel during 

welding process. 
3. Grain size and metal structure. Mi 


Factors responsible for graphitization: 


1. Operating steam temperature. 
2. Service hours at operating temperature. 


Considering first the actual breakdown of the carbide 
to graphite, there seems to be sufficient evidence to in- 
dicate that graphite (unless present in submicroscopic 
dispersion) does not exist adjacent to a weld in carbon- 
molybdenum steel piping at the actual time of completion 
of such a joint. On this basis, the actual graphitization 
which has been found to exist adjacent to welds is pro- 
duced by the operating steam temperature to which the 
piping has been subjected (850-1000° F.), over an ex- 
tended period of time (4 to 6 years). 


. Deposit, and Pipe 


Chemical! analysis 


cent —— 

Cc Mn P Ss Si Mo Cr Ni Remarks 

Forged 0.10 0.45 0.008 0.020 0.16 0.60 % * No ; 
header _graphite 

Weld 0.11 0.45 0.028 0.018 0.07 0.60 No ’ 
deposit graphite 
Pipe 0.14 0.49 0.014 0.018 0.17 0.50 %® @ Segregated 
graphite 


@ Spectrographic analysis indicated residual Cr and Ni in header to be 
higher than in pipe, but less than 0.10 per cent. 


>. : 4 +. 
| 
Table 1—Chemical Analysis of Superheater-Header Weld en 


Graphitization produced in such a manner progresses 
with time and is accelerated by increased operating 
temperatures up to some undetermined maximum which 
is believed to be in the vicinity of 1050 to 1150° F. 


station without employing steam temperatures in the 
850 to 1000° F. range would be most unsatisfactory, 
emphasis must be placed not upon the service conditions 
(within reasonable limits) which break down the un- 
stable carbide to graphite, but rather upon those factors 
which are responsible for the formation of the unstable 
carbide, and the elimination of such an unstable struc- 
ture. 

Considering this phase of the problem, there is con- 
vincing evidence that steel-melting practice, which has 


Coarse 
Grain B 


Medium 
Grain A 


Fig. 8—Macrospecimens Etched “4 Hot 50% Hydrochloric Acid; 
x 


No. 1 400° F. preheat, no stress relieve 
No.2 400° F. preheat, stress relieve 1200° F. 2 hr. 
No.3 400° F. preheat, stress relieve 1300° F., 20 hr. 
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Since operating a high-pressure steam-generating - 
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already been found to have a pronounced influence oy 
the creep characteristics of both plain-carbon and car. 
bon-molybdenum steel, has a definite effect on carbide 
instability at elevated subcritical temperatures. 

Evidence of this is based upon the fact that the weld 
which was common to the pipe that failed (Fig. 1) as a 
result of intergranular graphitization was also common to 
a forged superheater outlet header having for all prac. 
tical purposes the same chemicala nalysis. The analy- 
sis of the header, weld deposit, and pipe are given in 
Table 1. 

There was, however, no evidence of structural in- 
stability of the forged header adjacent to the weld. 
The thermal history, as a result of the welding procedure, 
including preheating, welding, and stress relieving, was 
again for all practical purposes identical to that of the 
pipe which failed. 

Assuming identical thermal history of the two ma- 
terials adjacent to the weld throughout the entire weld- 
ing procedure, it may be further assumed that the time- 
temperature cycle, which produced the narrow zone of 
unstable or sensitized carbide on the pipe side of the 
weld, must have likewise produced a potentially un- 
stable zone in a similar location on the header side of the 
weld.’ 

Due to differences in the inherent carbide stability 
of the two steels, however, the narrow zone of carbide 
on the header side of the weld which was placed in a 
state of least resistance to graphitization, proved stable, 
whereas the zone in the same location on the pipe side 
(likewise in a state of least resistance) proved unstable 
as evidenced by graphitization. 

This is believed unquestionably to be a steel-melting 
problem. On the basis of this case, as well as several 
others all of which were welded pipe to forging joints, 
it is believed that the entire problem could be solved by 
the use of the proper deoxidation practice alone, or in 
combination with the use of a small alloy addition to this 
material which would stabilize the carbide phase re- 
gardless of the grain size and microstructure. One of 
the known differences in the manufacture of steels which 
have a stable carbide structure, as contrasted with those 
which do not, is in the amount of aluminum used for 
deoxidation. Those steels which have a stable structure 
have been found to be deoxidized principally with silicon, 
aluminum being used to the extent of '/, lb. per ton or 
less. Those which have proved unstable have bee! 
given a final deoxidation treatment of 1 to 2'/, lb. o! 
aluminum per ton. Structural grain size and possibly 
microstructure of the material prior to welding, as pr¢- 
viously discussed is believed to effect only the general 
pattern of graphitization rather than directly effecting 
graphitization itself. Structural grain size and mucro- 
structure, for this reason, are considered to be of second- 
ary importance. 


Duplication of Graphite and Its Elimination 


of 


At the present time, there are hundreds of tons , 
carbon-molybdenum steel piping in service, a large el 
centage of which has been found to be in various = 
of graphitization. There are also considerable : — 
of this material undergoing fabrication which will —e 
be used in high-temperature installations. [or a 
reason it seemed advisable to reproduce, if pe —— 4 
condition of graphitization as found adjacent to we" “ 
joints, and keeping in mind practical methods !or ™ 
elimination. 

The procedure adopted in this investigatio" 
follows: 

Test Procedure.—A 
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Table 2—Procedure Used* and Results of Graphitization Tests ' 


Heat- Basc-metal Welding 
affected Base-mctal heat- grain size Microstructure preheat, 
zone treatment A.S.T.M. no. of base metal deg F 

A 1900-2000 F air cool 4-6 Acicular Widmanstatten 
1150-1200 F slow cool carbide (partially 
935 F ava years® spheroidized) 400 
B 2600-2800 F air cool 00-1 Acicuiar Widmahstiatten 
carbide 
A Same as A above 4-6 Same as A, specimen 1 400 
B Same as B above 00-1 Same as B 
A Same as A above 4-6 Same as A, specimen 1 400 
B Same as B above 00-1 Same as B 
A Same as A above 4-6 Same as A, specimen 1 400 
B Same as B above 00-1 Same as B 
A Same as A above 4-6 Same as A, specimen 1 400 
B Same as B above 00-1 Same as B 
A Same as A above 4-6 Same as A, specimen 1 400 
B Same as B above 00-1 Same as B 


Welding Lahoratory 
postheat, service 
deg F temperature Remarks 

None None {No graphite 

1200 2 hr None {No graphite 

1300 20 hr None {No graphite 

None 1050 F avg with 100 F (Graphite 
swings every 24 hr Graphite 

1200 2 hr for 7 days; then {Graphite 

; 100 F swings each Graphite 

1300 20 hr week, Total 1968 No graphite 

r No graphite 


“a 4 14-in. length of 123/«-in-OD X i7/1-in-wall C-Mo pipe containing upset ends and a circumferential weld at the center was removed from a main 


steam line having had 5!/2 years of service at 935 F average. 
rebeveled and the other reheated to 2600-2800 F as noted, air-cooled, and rebereled for welding. 
in the fixed horizontal position. 


The weld and 


a portion of each upset was removed. 
lec The experimental joint was preheated to 400 
Slices were then cut from the joint and treated as shown in Table 2. 


Of the two pieces of pipe, one was 


, and welded 


> This heat-treatment is the approximate previous heat-treatment of the pipe which was removed from the main steam line at the location of the experi- 
mental weld. 


1947 


Specimen 1A; x 500 


Specimen 1B; x 500 


Fig. 9—Contact Zones of Specimen 1 


(Note: Regions of grain-boundary transformation are areas of potential graphitization.) 
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thickness carbon-molybdenum steel pipe section 14 in. 
long, containing a circumferential weld at the center, 
was removed from a steam line which had had 5'/»2 years 
of service at an average temperature of 935° F. It was 
believed that graphitization could be reproduced in this 
section of pipe since graphitization had already been 
encountered in other sections of this piping in service. 

The entire weld was removed together with approxi- 
mately */, in. of pipe on either side of the weld. Upset 
pipe ends were used in the original installation which 
were not completely removed with the weld. One of 
the two pieces of pipe without further heat-treatment 
was rebeveled for welding near the extremity of the 
upset end. The remaining piece was placed in an up- 
setting furnace and heated to a temperature of 2600 to 
2800° F. for 1 hr. in order to produce a condition of 
exaggerated grain growth. The pipe after heating was 
cooled in still air, rebeveled, and welded to the piece 
having no heat-treatment. The joint was then pre- 


heated to 400° F. and welded in the fixed horizontal 


Specimen 2A; X 100 


“Ser 
og 


Specimen 2A; x 500 


position. After welding, a number of longitudinal 
specimens were removed from the pipe, numbered, and 
given one of three different stress-relieving treatments, 
namely, (a) no stress relieve, (b) 1200° F. stress relieve 
for 2 hr. (c) 1300° F. stress relieve for 20 hr. Two 
sets of specimens were subsequently placed in a furnace 
which operated through a 28-day temperature cycle of 
950-1050-1150-1050-950° F., ete., the temperature 
being changed weekly for a total of 1968 hr. These 
specimens were accordingly marked 15, 25, and 3S, 
Both the procedure and the results are shown in con- 
densed form in Table 2. 

Discussion of Results——Specimens 1, 2 and 3 after 
polishing and etching in hot 50% hydrochloric acid are 
shown in Fig. 8. It is to be observed that etching pro- 
duced little if any visible difference in heat-affected 
zones* A, Specimens 1 and 2. 

Heat-affected Zone A, Specimen 3, however, reveals 


* The use of heat-affected zone A or B refers to the heat-affected zone ad- 
jacent to the medium- or coarse-grain base metal, respectively. 


Specimen 2B; x 500 


Fig. 10—Contact Zones of Specimen 2 


: Regions of grain-boundary transformation are areas of potential graphitization.) 
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no white band at its extremity as do Specimens 1 and 2. 
A more defined line of fusion and a narrower heat- 
affected zone are also shown. As in the case of A, little 
: § or no difference is visible in heat-affected zones B, Speci- 
' mens 1 and 2. Specimen 3, however, has a much more 


me diffused heat-affected zone than Specimens 1 and 2. 
> of Both contact zones* A and B of Specimens 1, 2 and 3 
‘etd (Fig. 8) are shown in Figs. 9, 10 and 11, at a magnifica- 
= tion of 100 and 500 diam. These illustrations are of in- 
38. terest since they show the type of microstructure which 
wed exists in the contact zone after welding but prior to 

service. Specimen 1B, Fig. 9, shows an almost con- 
on tinuous grain-boundary transformation to have oc- 
are 


curred in the coarse-grain material. It is to be noted 
that no’graphite is detectable although subsequent steam 
service is believed to result in complete envelopment of 
the large Widmanstatten carbide grains by graphite 
nodules, as shown in Fig. 3. Grain-boundary transfor- 


*The term ‘‘contact zone”’ is used to refer to the narrow band of potentially 
unstable carbide at the extremity of the heat-affected zone. It is this band 
which may subsequently graphitize in service. 


Specimen 3A; x 500 


mation of Specimen 1A has resulted in the formation of 
a dense discontinuous carbide. Again, it is believed to 
be this dense carbide which is first graphitized by sub- 
sequent subcritical heating. 

The effect of a 1200° F. stress relieve for 2 hr. on the 
microstructures observed in Fig. 9 is shown in Fig. 10. 
It is to be noted that only a slight change in microstruc- 
ture has occurred. 

Referring to Specimen 3, Fig. 11, which received a 
1300° F. stress relieve for 20 hr., it is to be observed that 
spheroidization and homogenization of the heterogeneous 
iron-carbide or complex iron-molybdenum-carbide phase 
of the contact zone has occurred. 

That subsequent graphitization occurs at the location 
of grain-boundary transformation resulting from weld- 
ing, is further substantiated in Fig. 12. The graphite 
nodules in this figure, which have formed principally 
at the Widmanstatten carbide grain boundary, are in the 
process of complete envelopment of the carbide-contain- 
ing grain. 

Corresponding to Specimens 1, 2 and 3, Specimens 
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Specimen 3B; x 500 


Fig. 11—Contact Zones of Specimen 3 
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1S, 2S, and 3S, which received 1968-hr. service tempera- 
ture in a laboratory furnace as previously discussed, are Medium Grain Coarse Grain 
shown in Fig. 13. Contact zone B (coarse grain size), 
specimen 1S may be seen to exhibit the same “‘isotherms,”’ 
as shown in Fig. 2. Contact zone A (medium grain 
size), Specimen 1S, however, resulted in a condition of 
dispersed graphitization though of a more continuous 
nature. This is in agreement with macroscopic obser- 
vations of graphitization as encountered in fine-grain 
material, as contrasted with the observation of ‘“‘iso- 
therms’”’ in a coarse-grain material. 

A significant point is believed to be the fact that 
although specimen 1S received no stress-relieving treat- 
ment, identical results would have been obtained if this 
specimen had received an 1150° F. stress relieve for 2 to 
4 hr. This assumption is made on the basis that this 
short time at 1150° F. would be insignificant in view of 
the 650 hr. at 1150° F. which the specimen received dur- 
ing the subsequent heating cycle to accelerate graphitiza- 
tion. 

Close observations of Specimen 2S reveals that the 
condition of incipient graphitization, as shown in Speci- 


ed in Hot 50% Hydrochloric 


Fig. 13—Macrospecimens Etch : 
id: X 


Acid; 


y 4 : ~~ No. 1S 400° F preheat; no stress relieve. 1968 hr. service 
1050° F. with 100° F. swings 
No. 2S 400°F preheat; stress relieve 1200° F., 2 hr. 1% 
Fig. 12—Graphitization After 5'/, Years’ Service Occurs Prin- hr.service 1050° F. with 100° F. swings nm 
cipally Where Grain-Boundary Transformation Only Occurred No.3S 400°F. preheat; stress relieve 1300°F., 20hr. 1% 
During Welding; x 500 hr. service 1050° F. with 100° F. swings 


Fig. 14—Weld, Heat-Affected Zone, and Parent Metal, Specimen 1S-A Medium Grain 
(After 1968 hr. at 1050° F. average with 100° F. swings weekly; X 60.) 
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> men 1S, has not been completely eliminated by a 1200° 

F. stress-relieving heat-treatment, that which is con- 
sidered standard commercial practice. 

A stress-relieving heat-treatment of 1300° F. for 20 

hr., however, shows no tendency toward graphite segre- 

gation adjacent to either side of the weld (Specimen 3S). 


Fig. 15—Contact Zone Specimen 1S-A, Medium Grain, Exhibit- 
ing Dispersed Graphitization — Spheroidized Carbide. 
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Fi. 6 ~-Contact-Zone Specimen 1S-B, Coarse Grain, Exhibit- 
9 “ncipient “Chain” Graphitization; Unetched. X 100 
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Unfortunately the maximum temperature of 1150° F. 
used, in an effort to accelerate graphitization, was such 
that the size and pattern of the original grain structure 
were completely obliterated. This may be seen by con- 
trasting the base-metal structure of specimens 1, 2 and 3 
with those of Specimens 15S, 2S and 3S. 

Figure 14 shows the microstructure of the weld heat- 
affected zone, and base metal of Specimen 1S-A. The 


Fig. 17—Contact-Zone Specimen 1S-B, Coarse Grain, Exhibit- 
ing Incipient “Chain” Graphitization and Highly Spheroidized 
Carbide. x 500 


Fig. 18—-Specimen 1S-B, Coarse Grain, Exhibiting Fissuring in 
Contact Zone Upon Bending. X 1 
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graphite nodules are of insufficient size and number to 
be seen at 60-diam. magnification. 

- The microstructure of the contact zone of Specimen 
1S-A is shown in Fig. 15, at a magnification of 500 diam. 
A highly spheroidized carbide structure and dispersed 
graphite nodules are visible in this figure. 

The contact zone of Specimen 1S-B is shown unetched 
at 100-diam. magnification in Fig. 16. The graphite 
nodules in this photomicrograph follow the path of the 
“isotherms’’ observed in contact zone 1S-B, Fig. 13. A 
view of this area in the etched condition is shown in Fig. 
17 at a magnification of 500 diam: This structure, with 
the exception of the better alignment of the small graph- 
ite nodules, may be observed to be similar to that of 
Fig. 15. 

A °/3-in.-thick slice of specimen 1S was bent through 
both contact Zones A and B. No failure occurred 
through contact Zone A. Several small ruptures oc- 
curred in contact Zone B, however, shown in Fig. 18. 


Conclusions 


1. A narrow zone of graphite is found to exist in 
carbon-molybdenum steel piping in proximity of welded 
joints in this material. 

2. This narrow band occurs at the extremity of the 
heat-affected zone ('/s to */1. in. from the fusion line) 
of the weld, and may vary from 0.001 to 0.01 in. in thick- 
ness. 

3. Grain size and possibly the microstructure of the 
base metal are believed to determine the pattern of the 
graphitized structure but to have no significant influence 
on the actual occurrence of graphite. 

4. Tests which give good correlation in determining 
the presence of segregated graphite are visual observa- 
tion, bend testing, and microscopic examination. 

5. Gradiently heating and quenching carbon-molyb- 
denum steel, as accomplished by the welding process, 
places the narrow zone of carbide adjacent to the weld 
in a state of least resistance to graphitization. . 

6. Graphitization of this narrow band of potentially 
unstable carbide, during steam service, is dependent 
upon the inherent carbide stability of the steel. 

7. Inherent characteristics of steel are, in part, a 
function of steel-melting practice. 


8. Relatively large quantities of aluminum used to 
deoxidize carbon-molybdenum steel are believed to affect 
adversely the carbide stability of this material when 
used for elevated-temperature service. The addition of 
carbide-stabilizing elements, on the contrary, are be. 
lieved to enhance the carbide stability of this material. 

9. The postheating or stress-relieving temperature 
used after welding is believed to be a most important 
factor in determining whether or not segregated graphite 
will occur in a steel which has inherent carbide instability, 

10. Preliminary tests indicate that stress-relieving 
at a temperature as low as 1150° F. will result in subse. 
quent graphite segregation, while a temperature of 1300’ 
F. will eliminate this difficulty. 
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Mechanical Properties and 
Microstructures of Open-Butt _ 
Oxyacetylene Compression Welds 


By H. H. Chiswik' 


Introduction 


HE essential features of the open-butt oxyacety- 

lene compression welding process are illustrated 

diagrammatically in Fig. 1. In this process, the 
members to be welded are heated to the melting point 
using a multiflame oxyacetylene burner inserted between 
the surfaces to be joined. The burner contains a series 
of small orifices arranged in a geometrical pattern corre- 
sponding in contour to that of the cross section of the 
members being joined. When the faces reach the melt- 
ing point, the burner is withdrawn and pressure is ap- 
plied to bring the members together to a predetermined 
mount of upset to affect the joint. In a broad sense, 
the process is similar to flash welding, with the substitu- 
tion of oxyacetylene for electric power as the source of 
heatenergy. This paper is a preliminary report on some 
ff the unit mechanical properties and microstructural 
characteristics of welds made by this process. 


Welding Procedure 


A series of experimental welds were made in S.A.E. 
1020, NE 8630 and 0.72% carbon steels, using speci- 
mens '/, x 1'/, in. and 3 in. long. The heating tip for 
these cross sections, shown in Fig. 2, contained fifty- 
ine No. 74 orifices (0.0225 in. diam.) on each face spaced 
'/ in. apart in alternate rows. The chief consideration 
in the design of this tip was uniform distribution of 
orifices per unit area and a proper geometrical arrange- 
tment to provide uniform heating over the entire welding 
surfaces. The tip was oscillated longitudinally and the 
umulative flame envelope completely covered the weld- 
ing faces during heating. 


. Presented at the Twenty-Seventh Annual Meeting, A.W.S., Atlantic 
ity, N. J., week of Nov. 17, 1946 . 
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FLAME OXY-ACET BURNER 


DIRECTION OF 


PRESSURE 


~TIP SEPARATION DISTANCE 


Fig, 1—Diagrammatic Sketch of Setup for Sections Over '/; 
In. Thick 


Fig. 2—Burner for Welding Rectangular Sections, 
1'/, x In. 


To study the effects of flame composition and tip 
separation*™ on the weld quality, the welds were made 
under three variable sets of conditions, as follows: 


1. Neutral flame’, tip separation */; in. 
2. Neutral flame, tip separation '/, in. 
3. Excess acetylene flame’, tip separation */, in. 


* “Tip separation” refers to the distance between the tip and the welding 
face (see A in Fig. 1). 

+t To avoid ambiguity a neutral flame will be defined as one adjusted visually 
so that no excess acetylene or oxygen envelopes are visible. 

t Visually adjusted to '/s-in. acetylene feather. 


Table 1—Experimental Operating Data 


Acety- 
lene Acety- 
Pres- lene Heat- Upset 
sure, + Flow, ing Total Pres- 
Psi. Cu. Time, Gather, sure, 
Gage Ft./Hr. Sec. In. Psi. 
Tip separation */; in., 
neutral flame 4 116 48 3/, 4500 
Tip separation '/, in., 
neutral flame 4 116 35 3/s 5800 
Tip separation */, in., 
excess acetylene 
flame 4 120 40 3/s 6400 
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The operating data as regards heating time, pressure, 
gas flow and upset are shown in Table 1. For each con- 
dition of tip separation and flame composition, first the 
time required for uniform melting was established and the 
upsetting pressure adjusted to yield a total gather of */; 
in., the latter having been chosen on the basis of prelimi- 
nary tests as yielding a satisfactory weld. It will be 
noted that a change in tip separation from */; to !/, in. 
reduced the time necessary for melting from 48 to 35 
sec.; however, an increase in pressure was necessary to 
obtain an equivalent amount of upset. The same holds 
true for the excess acetylene flame, presumably because 
of the lowering of the melting point on the surfaces due 
to carburization. 

The use of 4 psi. acetylene pressure was arbitrary, and 
the heating time can be reduced appreciably by increas- 
ing the heat input. Thus, with an acetylene pressure of 
10 psi. the cross section under consideration can be 
brought to melting in about 20 sec. 

A series of welds were also made in low-carbon steel 
l-in. round bars. The burner used in making these 
welds contained interchangeable inserts which permit 
the welding of sections up to 1'/2 in. in diameter. The 
rows of orifices in each insert conformed to the contour of 
the section being welded (see Fig. 3). With an acetylene 
pressure of 5 psi. the heating time for the l-in. round 


sections was 33 sec. Fig. 3—Burner with Inserts for Round Sections Up to 1'/; In. 
in Diameter 


Table 2—Physical Properties of Welds in S.A.E. 1020* 


Tensile Guided Charpy 
Strength, Elongation Bend, Impact, 
Psi. inlIn.,% Degrees Ft.-Lb. Remarks 
Tip separation, */; in., neutral flame 66,000 22-24t 180t 8-11 Specimens broke outside weld in tension 
Tip separation !/, in., neutral flame 67,500 24-27 180 13-16 Specimens broke outside weld in tension 
Tip separation */s in., excess acetylene flame 67,000 24-28 180 19-21 Specimens broke outside weld in tension 


* Values represent the results of six tests in each case. 
t Where a range of values is indicated, it represents the minimum and maximum in each case. 
t Of twelve welds tested all bent 180°, but two showed slight corner tears in the weld line. 


Table 3—Physical Properties of Welds in 0.72% Carbon Steel* 


Tensile Elonga- Guided Tensile 
Strength, tion in Bend, Impact, 
Psi. 1In.,% Degrees Ft.-Lb. Remarks 
Tip separation */ in., neutral flame 115,000 4 10 63 Broke in weld in tension with flat dull fractur: 
Tip separation '/, in., neutral flame 128,000 8 10 65 Broke in weld in tension; coarse granule’ 
fracture; several ‘flat spots” 
Tip separation */s in., excess acetylene flame 130,000 8 20 70 Broke in weld in tension; coarse granu 


fracture; several ‘‘flat spots’’ 


* All values are averages of three welds. 


Table 4—Physical Properties of Welds in NE 8630 Steel* 


Quenched and Draw” 
Annealed———. —Quenched and Drawn to 103,000 Psi.— to 16. sod 
Tensile Elon- Tensile Elon- Guided Charpy Tensile aoe 
Strength, gation in Strength, gationin Bend, Impact, Strength, 
Psi. 1In., % Psi. 1In.,% Degrees Ft.-Lb. Psi. 

Tip separation */s in., neutral flame 83,500t 31 97,000 5 . 180 130,0008 10 

Tip separation '/, in., neutral flame 86,000 t 33 105,000§ 20 180 ype 10 
Tip separation */s in., excess acetylene flame 86,000 33 105,000t 25 180 162,000 1 


* Values are averages of three ¢ests. 
+ Broke outside weld. 
Broke in weld; flat dull fracture. 
; Broke in weld and base metal; crystalline fracture. 
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(a) (b) (c) 
Fig. 4—Microstructures of Welds in S.A.E. 1020 Steel, As-Welded. X 100. Reduced in Reproduction 
by / 


(a) Neutral flame, tip separation */s in.; (b) neutral flame, tip separation '/, in.; (c) excess acetylene 
flame, tip separation */s in. 


The welds were tested for tensile strength, elongation, 
yi 5 ductility in a standard guided bend test, and impact 


Mechanical Properties 


| and '/2-in. diam. tensile specimens. The impact 
tests in the S.A.E. 1020 and NE 8630 welds were made on 

« ef standard keyhole Charpy specimens with the saw-cut 
aa net ; “er ee 4 located on the weld line; the high-carbon steel welds 


; were tested in tensile impact. The S.A.E. 1020 welds 
were tested in the as-welded condition; the NE 8630 
byte » welds were annealed or heat treated to tensile strength 


* levels of 103,000 and 167,000 psi. The high-carbon steel 


The mechanical properties of the welds are shown in 
bey t@\ Tables 2,3 and 4. The S.A.E. 1020 specimens all broke 
outside the weld in tension and passed a standard 180° 
bend. The annealed NE 8630 specimens broke outside 


the weld in tension; of those heat treated to strength 

} | “fu, levels of 103,000 psi. and 167,000 psi. only the ones made 
with a maximum tip separation of '/, in. when using a 


Fig. 5—Same Conditions as in Fig. 4 Except Annealed After neutral flame, or */s in. with an excess acetylene flame, 
Welding broke outside the weld. 


(a) (b) 
Fig. 6 Microstructures of Welds in 0.72% Carbon Steel. Normalized. Reduced by '/; in Reproduction 


a Neutral flame, tip separation */sin. XX 100; (b) neutral flame, tip separation '/,in. XX 500; (c) excess 
“tyiene flame, tip separation */,in. 500. 
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The improvement in weld quality obtained by de- 
creasing the tip separation distance, or, even better, by 
using an excess acetylene flame, is most noticeable in 
the impact strength properties. A change from a 
neutral flame to one with a slight excess of acetylene re- 
sults in an increase in the impact strength of the S.A.E. 
1020 steel welds from 11 to 21 ft.-Ib. The effect is even 
more pronounced in the S.A.E. 8630 welds where the 
impact strength is raised from 12 to 48 ft.-lb. 

These effects of flame composition and tip separation 
on the strength of the welds may be correlated qualita- 
tively with the effects of the products of combustion of 
the oxyacetylene flame on the metal during heating. 
The most ideal conditions would be such that the prod- 
ucts of combustion cause neither decarburization nor 
oxidation in the weld zone. The products of combustion 
of the oxyacetylene flame are CO, CO, Hz and water 
vapor. In a neutral flame, in the immediate vicinity 
of the inner blue cone, where the primary reaction takes 
place, the gases are chiefly CO and H2, whereas within 
the secondary envelope and at its outer edges the prod- 
ucts are mainly CO, and H,O. Surfaces heated in the 
immediate vicinity of the blue cones would be expected 
to be less oxidized and less decarburized than those 
heated farther away from them. This is further borne 
out by the microstructures discussed below. 


Microstructures 


The S.A.E. 1020 steel welds made with either a neutral 
or excess acetylene flame showed in the as-welded condi- 
tion a narrow decarburized zone at the weld line, but no 
oxides or inclusions (see Fig. 4). On annealing, a wide 
pearlite-free band is formed at the weld zone, the pearlite 
being concentrated in a band paralleling the weld line 
(see Fig. 5). To investigate the possibilities of a rela- 
tionship between this effect and a high oxygen content in 
the weld zone, the as-welded specimens were etched with 
a special alkaline chromate etch* which is reported to re- 
veal areas of high oxygen content. The results, how- 
ever, were negative and further work is being conducted 
to investigate the significance of this phenomenon. 


* Fine, L., ‘A New Etching Reagent for the Detection of Oxygen in Steel,” 
Metal Progress, 49 (1), 108-112 (January 1946). 


(a) 


(b) 


In the 0.72% carbon steels, the welds made with a 
neutral flame and a */;-in. tip separation showed consid- 
erable decarburization and oxide inclusions along the 
weld line (see Fig. 6 (a)). On reducing the tip separa- 
tion to 1/4 in. the degree of decarburization was reduced, 
and with an excess acetylene flame neither decarburiza- 
tion nor oxide inclusions could be found in the weld 
zone (compare Figs. 6 (b) and (c) ). Etching with the 
alkaline chromate reagent mentioned above revealed an 
intermittent white line in neutral flame welds but none 
in the excess acetylene welds. 

The same behavior was observed in the NE 8630 
welds. Welds made with a neutral flame and a */,-in, 
tip separation showed an oxidized area at the weld zone, 
whereas those made with an excess acetylene flame were 
free from decarburization or oxides and showed a nega- 
tive reaction to the alkaline chromate etch (see Figs 7. 


(a), (b) and (c)). 


Discussion of Results 


The experimental data discussed above indicate 
that satisfactory welds can be obtained with this process 
provided the chemistry of the flames is properly con- 
trolled through regulation of gas flow, proper tip separa- 
tion, or both. An evaluation of the advantages or dis- 
advantages of this process can best be discussed in terms 
of comparison with other processes for similar applica- 
tions, such as flash welding and solid-phase welding. 
Although no quantitative comparisons have yet been 
made from either the economic or technical standpoints, 
there are certain qualitative principles of comparison 
that might well be mentioned here. In the solid-phase 
welding process it is essential that the welding faces be 
kept free from grease, oil or other matter, and be pro- 
tected against oxidation prior to and during welding. 
The mandatory nature of these precautions has been dis- 
cussed by other investigators. To achieve this, careful 
machining is required, followed by cleaning with organic 
reagents immediately prior to welding. Also, to pre- 
clude oxidation during heating the members must be 
maintained in perfect axial alignment. No such manda- 
tory precautions of cleanliness are particularly necessary 
in the open-butt process. Since the welding faces are 


Fig. 7—Microstructures of Welds in NE 8630 Steel, Annealed. 100. Reduced by '/; in Reproduction 


(a) Neutral flame, tip separation */s in., Nital etch; 


mate etch; 


118-s 


.WELDING RESEARCH SUPPLEMENT 


line chro- 


(b) neutral flame, tip separation */s in., alka 
(c) excess acetylene flame, tip separation, */s in., Nital etch. 
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heated directly at relatively short tip separation dis- 
tances it would be expected that the heating time per 
unit eross section should be less than in the solid-phase 
process, where the heating is done externally. 

As compared with flash welding, since the oxyacetylene 
flames act as a gaseous protection against oxidation or 
decarburization, improvement in properties might well 


HE authors, Dr. Hallock C. Campbell and R. 
David Thomas, Jr., are to be complimented for 

their fine work. The 25 Cr-—20 Ni electrode is 
still a popular one today, and this paper is an important 
contribution in the development of improved electrodes 
not only for armor welding but for many other applica- 
tions as well. 

Extensive work on austenitic stainless steel armor 
welding electrodes has been conducted in the Research 
Laboratories of Rustless Iron and Steel Division. Part 
of this work was carried out as a cooperative project with 
the United States Navy Yard, Test Laboratory, Phila- 
delphia, Pa., and a paper is now in preparation which de- 
scribes the results of this research. Since certain parts of 
this work were along lines similar to those pursued by 
Campbell and Thomas, it appeared appropriate to pre- 
sent in this discussion some of our data on the 25-20 
chromium-nickel electrodes for comparison. 

The method of conducting the work was very much 
the same in each laboratory. Progressive variations in 
weld metal chemical composition were obtained by add- 
ing the particular element under study through the elec- 
trode coating. The flux coating used by the writers was 
of the “‘lime”’ type with a small addition (approximately 
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Fig. 1—Comparison of Data on the Effect of Carbon in 25 Cr- 
20 Ni Weld Metal 
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be expected, especially in regard to impact strength. 
The greater flexibility of application of this process is 
also worth mentioning. With a single machine, con- 
taining an adequate source of pressure and an appro- 
priate supply of acetylene, both small and large sections 
can be welded by merely changing the burner; no 
changes in the permanent installations are necessary. 


Discussion on “The Effect of Alloying Elements 
on the Tensile Properties of 25-20 
Weld Metal’” 


By G. E. Linnert and F. K. Bloomt 
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Fig. 2—Comparison of Data on the Effect of Sulphur in 25 Cr- 
20 Ni Weld Metal 


4%) of titania (TiO,) as contrasted with Campbell and 
Thomas’ “‘lime’’ type and “titania AC-DC”’ type. The 
influence of each element studied was likewise measured 
in terms of tensile properties from a standard 0.505-in. 
diam. all-weld-metal test'specimen. 

In all cases where sufficient data are available, gen- 
erally good agreement is found. 


Effect of Carbon 


As may be seen from Fig. 1, data obtained in the Rust- 
less Laboratories confirm Campbell and Thomas’ observa- 
tion that maximum elongation in 25 Cr-20 Ni weld 
metal is secured with intermediate carbon contents. 
Judging from the results of both laboratories, as shown 
in Fig. 1, the best carbon range is approximately 0.10 
to 0.20%. 

Close examination of the tensile specimens from the 
carbon series revealed that the sharp drop in elongation 
below approximately 0.12% carbon is due to the presence 
of intergranular microfissures in the weld metal. This 
defect was present even though the quantities of phos- 
phorus, sulphur, silicon and other residual elements were 
low. The marked drop in tensile and yield strengths be- 
low 0.08% carbon, found by Campbell and Thomas, 
strongly suggests that these defects were present in their 
specimens also. 
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Effect of Chromium, Molybdenum and Columbium 


ibid | It is gratifying to learn that Campbell and Thomas 
Shek uh have confirmed the findings of the writers on the elimina- 
tion of microfissures from austenitic weld deposits by in- 

it troducing delta ferrite into the microstructure. Their 
data on chromium, molybdenum and columbium as fer- 
| rite-forming elements are very interesting. However, 
=O trtame Foun there are two points in connection with these data on 

T which we would like to comment. 

First, we have found that when delta ferrite is intro- 


STRENGTH, 1000 


| | duced into the highly alloyed 25 Cr—20 Ni weld metal, it 
| tends to transform to the hard brittle sigma phase. We 
Camel & THOMAS —O-e— would suspect that the sharp loss of ductility in the chro- 
on ma mium and columbium series is a result of the presence of 
sigma phase rather than delta ferrite alone. A close elimi- 


Je CLONGATION In 2 


PHOSPHORUS 
Fig. 3—Comparison of Data on the Effect of Phosphorus in 
25 Cr—20 Ni Weld Metal . 


This observation on the influence of carbon is impor- 
tant since some users of 25 Cr—20 Ni electrodes insist on a 
weld metal carbon content of 0.10% maximum. Ip this 
case, the weld metal cannot be expected to exhibit its 
best ductility. 


1000 


STRENGTH, 


Effect of Sulphur 


Figure 2 compares data on the effect of sulphur. The 
results for tensile and yield strengths agree very well. 
There appears to be some disagreement in the slope of the 
curve for elongation. This may be due to the limited 
member of tests by Campbell and Thomas at sulphur ! + . Soar ae 
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CAMPOCLL. & THOwAS 
BLOOM & LINWERT --@--4-- 
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Etiect of Phosphorus Fig. 4—Comparison of Data on the Effect of Manganese in 
. 25 Cr-20 Ni Weld Metal 
In this paper Campbell and Thomas show the power- 


ful influence of phosphorus in promoting microfissuring 
which sharply reduces the elongation of the weld metal. 
They further point out that weld metal deposited by 
electrodes coated with a ‘‘titania’’ flux is more sensitive 
to the effect of phosphorus than weld metal from elec- 
trodes with a ‘‘lime’’ type flux. 

A comparison with our own data on the effect of phos- 
phorus is shown in Fig. 3 and it is interesting to find that 
our curve for elongation, which represents a combination 
“‘lime-titania’’ coated electrode, falls in between Camp- 
bell and Thomas’ curves for “titania” and “‘lime’’ coated 
electrodes. This may be interpreted as further evidence 
that the “‘lime’’ type electrodes tolerate more phosphorus 
than the “‘titania’”’ type. 


nation of the alleged ferrite pools in Campbell and 
Thomas’ Fig. 11 (C) shows that these pools actually ap- 
pear to be made up of two phases. We would suggest the 
use of an electrolytic 10%-sodium cyanide solution lor 
30 sec. as an etchant to determine if these ferrite pools 
have partially transformed to sigma phase. Ferrite 's 
unaffected by this etchant, whereas sigma phase 1s 
stained various colors ranging from brown to blue. 

The second point for comment is the empirical chro- 
mium equivalent formula presented by Campbell and 
Thomas for correlating the combined effect of the ferrite 
forming elements with the weld metal tensile properties. 
The authors mention that the effectiveness of molybde- 

Effect of Manganese num as a substitute for chromium in promoting delta 
ferrite is estimated as being closer to 1.5 than 2, the lac 

Figure 4 shows a comparison of data on the effect of _ tor used by the writers in their work on 19 Cr-9 Ni weld 
manganese. Again, there is good agreement between the metal. If Campbell and Thomas’ correlation, as Sus 
results from the two laboratories. Both suggest that, pected, is between tensile properties and sigma piasé, 
other than inducing a slight trend toward improved _ stead of ferrite, this might explain the apparent disagree- 
ductility, this element has little effect upon the tensile ment since the effectiveness of elements in promoting 
properties. sigma phase is not necessarily the same as for delta ferrit¢ 
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Studies on Susceptibility of Casting 
Steels to Graphitization 


By J. J. Kanter! 


PROGRAM of tests was adopted by a group of 
manufacturers from the valve and fitting in- 
dustry for comparing the graphitization sus- 

ceptibilities and general high-temperature stability of 
weldable grades of alloy cast steel using test castings 
in the form of a 4-keel block. This block, used by all of 
the investigators, is cast in green sand with the keels in 
the drag position, each fed from an end and through a 
risered mass above the keels as illustrated in Figs. 1 and 
2. Figure 1 shows the orientation of the casting as it is 
made, while Fig. 2 is a view of the four keels and the 
manner in which they are fed is more apparent. 

The keels were removed from the blocks by sawing 
alter heat treatment, consisting of normalizing and 
drawing. The sawed surfaces of these keels were then 
machined flat. Upon the machined surface was de- 
posited a single bead weld as illustrated in Fig. 3. The 
procedure in laying on the bead was essentially that es- 
tablished at Battelle Memorial Institute for the studies 
sponsored jointly by E.E.I.-A.E.I.C. The steel test 
coupon is placed in water at 60 to 65° F., at a level '/, in. 
below the face machined for depositing, using end slugs 
for starting and finishing the bead. Using a 5/3-in.- 
diam. type 7010 (C-Mo 0.50) electrode and a travel of 

. Reprinted from August 1946 issue of Transactions A.S.M.E. 

' Materials Research Engineer, Crane Co., Chicago, I1l. Mem A.S.M.E. 

+ The various manufacturers contributing steel test castings and investi- 
gational services include the following: Chapman Valve Manufacturing Co., 
Crane Co., Edward Valve and Manufacturing Co., Inc., Lunkenheimer Co., 
Powell Co., Reading-Pratt & Cady Division, Walworth Co. 

Contributed by the A.S.T.M.-A.S.M.E. Research Committee on Effect 
f Temperature on the Properties of Metals and presented at the Annual 


Meeting, New York, N. Y., November 26-29, 1945, of The American Soc iety 
f Mechanical Engineers. 


approximately 6 in. per minute, the bead is deposited 
with direct-current negative polarity, at 25 to 30 v. and 
125 to 135 amp. 

After deposition of beads, the test specimens were 
given a stress-relieving heat treatment at 1200° F. A 
cross section of a bead so deposited is illustrated in Fig. 
4, showing the structure gradient between heat-affected 
zone and parent metal thus provided for study of sus- 
ceptibility to segregated graphitization upon aging. 

Drawing upon the experience at Battelle Memorial 
Institute in the E.E.I.-A.E.1.C. studies, aging treatments 
on the weld-bead cast-steel specimens have been made 
at 1025° F. to attain an accelerated indication of graphiti- 
zation susceptibility. Currently,a number of studies in 
these series of tests are available for aging periods up 
to about 6000 hr. and the specimens are continuing to 
age in furnaces at four of the cooperating laboratories. 
One of the furnace installations being so used exclu- 
sively for graphitization agings at 1025° F. is shown in 
Fig. 5. 

The original plan of the M.S.S. group was to survey 
the difference in graphitization susceptibility and sta- 
bility of high-temperature properties in the carbon- 
molybdenum cast steels as made by various electric 
melting processes, namely, acid arc, basic arc, induction. 
Test heats by these processes were separately made using 
two types of deoxidation practice, including silicon addi- 
tion, and silicon addition plus 2 lb. aluminum per ton. 

Almost unanimously, the cooperators reported diffi- 
culty and inability to obtain test-block castings free of 


Fig. 1—Four-Keel Test-Block Casting Showing Gate and Riser 


Fig. 2—Four-Keel Test-Block Casting, Drag Side, Showing 
Coupons Measuring Approximately | x 1 x 6 In. 
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Fig. 3—-Weld-Bead Specimen for Graphitization Test 


“pinholes” using the straight silicon addition and it did 
not appear practicable from the standpoint of steel- 
pressure-vessel founding to consider such a practice. 
It was therefore decided to add another series of test 
materials using silicon addition plus 1/2 lb. aluminum per 
ton, which produced reasonably satisfactory-test block 
castings. Through this additional series of test castings 
it was expected that a variety of residual metallic alumi- 
num contents would be obtained among the various heats, 
which would afford a basis for correlation with graphiti- 
zation susceptibility. 

Each cooperator furnished another set of test blocks 
by one or more of the electric melting processes contain- 
ing 0.5% of chromium in addition to the 0.5% of molyb- 
denum. These chromium-bearing castings were all 
made using the silicon plus 2 Ib. per ton aluminum-killing 
practice. 


Results of Studies 


The results of the studies from the cast-steel test bars 
upon observation after agings up to 6000 hr. seem to bear 
out the already well-known contention that aluminum 
additions to carbon-molybdenum steels make for 
graphitization susceptibility as will be apparent from 
the comparison of photomicrographs, Fig. 6. A com- 
panion McQuaid-Ehn carburized structure is shown on 
this chart for each of the aged structures. It becomes 
further apparent that these tend to substantiate the Kerr- 
Eberle contention that ‘‘abnormal” structure by this 
criterion is an index of graphitization susceptibility in 
aluminum-treated carbon-molybdenum steels. This 
rule, however, does not necessarily apply to the steels 
having chromium additions. Study of microstructures 
indicates that the particular kind of electric-furnace 
process, all other factors being equal, is a minor in- 
fluence as regards graphitization susceptibility. 

One generalization, which seems to apply with regard 
to the tests under discussion as well as much other ob- 
servation, is that the inception of spheroidization ag- 
glomeration or coalescence of the carbide precedes its 
breakdown to graphite. A number of examples have 
been observed where in a single microfield, one spheroid- 
ized-carbide area will show graphite nodules, whereas 
an adjacent lamellar-carbide area will show no signs of 
graphite. Where chromium or other alloying ingredi- 
ents prove effective in preventing graphitization under a 
certain condition of thermal history, the inhibition seems 
to be associated with resistance to spheroidization of the 
carbide. The susceptibility of aluminum-treated steel 
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to graphitization seems to 
be associated with an accel- 
erated tendency toward 
spheroidization. 

In previous reports by the 
Joint A.S.T.M.-A.S.M.E. 
Committee, it has been ap- 
parent that strong alumi- 
num treatment of steels led 
to easy spheroidization and 
consequent lack of creep 
resistance. 

Proposals have been made 
to the effect that graphiti- 
zation at the margin of the 
heat-affected zone or “‘con- 
tact zone’ might be fore- 
stalled, or at least reduced 
to an impotent nature by a 


Fig. 4—Etched Section —— Shown in Fig. 3 at 3 
iam. 


Fig. 5—One of Four Installations of Furnaces in Use for Aging 
Weld-Bead Specimens Shown in Fig. 3 
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grain-refining normalizing heat treatment subsequent of the weld-bead specimens normalized after deposi- 
to the welding operation. That such a treatment may tion. It is seen that “contact zone’’ graphite has not 
not be effective in the case of a susceptible cast steel been inhibited in this specimen. The transformation 
is evidenced by the micrographs, Fig. 7, comparing one resulting from welding in the heat-affected zone seems 
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Fig. 6—Comparisons of Typical McQuaid-Ehn Carburized Structures for Carbon-Molybdenum Cast Steel 
with Structures at Heat-Affected Zone at 500 Diam. 
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to have some persistent effect, although it does appear Chromium in Cast Steels 


that the zone of segregated graphite is somewhat broader, 
diffuses, and perhaps requires longer aging to detect. 
Studies upon more specimens normalized after welding 
are needed to clarify the effect. 


In so far as the cast-steel studies have progressed (3(()() 
to 5000 hr. of aging), no definite evidence of graphitiza- 
tion has become apparent in any of the samples contain- 


ORIGINAL 


“CONTACT” ZONE x 100 *SCONTACT” ZONE x 500 


Fig. 7—Graphite Developed at Heat-Affected Zone of Carbon-Molybdenum Cast Steel with 2 Lb. of Alumi- 
num Addition Per Ton, Normalized After Welding, Aged 4500 Hr. at 1025° F. 
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ing chromium in the range of 0.43 to 0.70% as witnessed 
by Fig. 8, where relatively spheroidization-resistant car- 
pides are well defined. It should be noted that the low- 
est chromium content is 0.43 and that the time periods 
involved are as yet relatively short and inconclusive. 


It may eventually be determined that resistance to 
spheroidization is a necessary and perhaps sufficient 
condition to prevent graphitization over an expected 
service period. 

Specimens of a number of the cast steels upon which 
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AGED 1500 HRS AT |025F 


AGED 4500 HRS AT 1025 F 


fig. 8. Typical Structures at 500 Diam. of Chromium-Bearing Carbon-Molybdenum Cast Steel with 2 Lb. of 
Aluminum Addition Per Ton, at Heat-Affected Zone Before and After Aging at 1025° F. 
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the graphitization studies are being made are aging for the 
eventual purpose of making creep-strength studies on 
structures representing various stages of carbide de- 
terioration. It has become quite apparent that graphi- 
tization has occurred in some of the coupons being aged 
for creep tests after advanced spheroidization of the 
carbide had developed. In the case of carbon-molyb- 
denum steel with 2 lb. per ton of aluminum addition, 
well-developed graphite is apparent after about 4000 hr. 
of aging at 1025° F. The coupons containing 0.50% 
chromium have shown no definite evidence of graphite 
after 5000 hr. of aging. The committee has decided to 
continue the aging of all coupons for creep tests up to at 
least 10,000 hr. before considering the starting of creep- 
rate determinations upon any of them. 


Discussion 


I. A. Rouric.* This report shows that under suitable 
conditions graphitization may readily occur in cast as 
well as in wrought carbon-molybdenum steels. The 
observation of an apparent “persistent effect’’ resulting 
in segregated graphite in the heat-affected area of a weld 
even after normalizing is of particular significance be- 
cause normalizing has appeared to be the most effective 
postwelding treatment for preventing segregated graph- 
ite. With respect to the normalizing of welds, the re- 
sults of laboratory graphitization tests conducted on 
normalized welded samples by The Detroit Edison Co. 
may be of interest. 

A sample of high-aluminum carbon-molybdenum pipe 
material was welded to low-aluminum material and then 
normalized by heating for 1 hr. at 1725° F., followed by 
air cooling. To promote graphitization, welded” as 
well as “normalized” samples were heated at tempera- 
tures varied between 1000 and 1060° F. for 3300 hr., and 
then at temperatures varied between 900 and 1150° F. 
for an additional 7000 hr. After a total time of 10,300 
hr. of test heating, the as-welded samples showed a dis- 
tinct segregation of nodular graphite in the heat-affected 
area whereas the normalized samples showed only ran- 
dom graphitization. Segregated graphite in the heat- 
affected area of as-welded high-aluminum material is 
shown in Fig. 9 of this discussion. Random graphitiza- 
tion at the former heat-affected area of the sample that 
was normalized after welding is shown in Fig. 10. Simi- 
lar results were found in the low-aluminum material 
with the exception that considerably less graphite was 
present. 

These results indicated that the normalizing treatment 
of 1 hr. at 1725° F. had been fully effective in removing 
the nucleation effect resulting from the heat of welding. 
Kerr and Eberlet have also reported on the apparent 
beneficial effect of normalizing after welding as a means 
of preventing the formation of segregated graphite. 
The results obtained from test prompt the suggestion, 
therefore, that the normalizing treatment used by the 
author, and which is not stated in the paper, may not 
have been fully effective in reconstituting and homoge- 
nizing the structure of the heat-affected area in his 
sample. 

The author’s suggestion that resistance to spheroidi- 
zation may be a necessary and perhaps sufficient condi- 
tion to prevent graphitization is probably based upon 
the hypothesis that spheroidization is the first stage of 
graphitization. Referring again to the work of Kerr and 
Eberle, f it is noted that they have reported on a number 
of cases in which steels that had spheroidized were found 

* Research Department, The Detroit Edison Co., Detroit, Mich. 

+ Kerr, H. J., amd Eberle, F., ‘“‘Graphitization of Low-Carbon and Low 


Carbon-Molybdenum Steels,” A.S.M.E. pamphlet “‘Graphitization of Steel 
Piping,” included in Trans. A.S.M.E., 67 (1945). 
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Fig. 9—Segregated Graphite in the Heat-Affected Area of As- 
Welded Carbon-Molybdenum Sample After 10,300 Hr. of 
Laboratory Test Heating 
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Fig. 10—Ramdom Graphite in Former Heat-Affected Area of a 
Normalized Weld in Carbon-Molybdenum Sample That Was 
Laboratory Heated for 10,300 Hr. After Normalizing 


to be resistant to graphitization. Although spheroidi- 
zation and graphitization may be parallel phenomena != 
steel at high temperature, it does not necessarily f sllow 
that spheroidization is the first stage of  eoseenggert 
In this association it might be pointed out that, 4 
though the photomicrographs presented in Fig. 0 0! = 
paper are for the apparent purpose of showing the grap ‘. 
tization susceptibility of the aluminum-treated — 
in contrast with the graphitization resistance ol 
sample having no aluminum addition, the two samples 
appear to be about equally spheroidized. 


Author's Closure 


Mr. Rohrig’s evidence that a sample of high-alumine 
carbon-molybdenum pipe material, welded and nor ak 
ized at 1725° F., showed only random graphitizat on 
in interesting contrast to that on the 
denum cast steels studied in the Project No. “9 ''V™ 
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gation. Of seven different heats of carbon-molybdenum 
steel with 2 Ib. of aluminum addition per ton and nor- 
malized at 1650° F. for 1 hr. after welding by the various 
contributors of the specimens, all specimens showed a 
development of graphite after 5000 hr. of aging at 1025° 
F., of which the “contact’’ zone photomicrographs of 
Fig. 7 are typical. Since the presentation of the report in 
question, these aging tests have progressed far enough 
to show that upon 10,000 hr., the average degree of con- 
tact zone graphitization for the seven heats of steel nor- 
malized after welding is about the average degree which 
was obtained for a group of six similar heats of steel 
stress relieved only after welding upon 4000 hr. of aging. 
This degree of deterioration represents about one-third 
of the carbon transformed to graphite. While normal- 
izing has served to retard the development of graphite 


at the contact zone, it by no means promises to be a satis- 
factory measure of control for the carbon-molybdenum 
cast steels. 

Mr. Rohrig questions the observation that spheroidi- 
zation of carbide is a prelude to graphitization and sup- 
ports his objection by pointing out that certain samples 
reported upon showed spheroidization but no graphiti- 
zation. However, since the report was- presented, ex- 
aminations after 10,000 hr. of aging at 1025° F. have re- 
vealed further spheroidization and graphitization in a 
number of samples where it had not been found after 
5000 hr., including those containing 0.005% chromium, 
thus indicating that the development of graphite in se- 
quence to spheroidization may be an eventual effect to be 
always considered relative to aging time, temperature 
stress and composition of the steel. 


Discussion 
“Redistribution of 
Residual Welding 

Stress Etc.” 


By W. P. Roopt 


seem necessary for its understanding are not clear 

to me. The plate was loaded, at most, to an 
average stress (load+area) of 20 kips. In order that this 
should cause redistribution of residual stress, the material 
must have been carried beyond the yield point locally, 
and the main area in which this happened would lie 
around the ends of the pulling tabs. At mid length the 
stress caused by loading was not far from uniform across 
the width. 

The material in this region would pass into the plastic 

range only by superposition of stress due to load on a 
residual stress. That is known, from other tests, to have 
a high peak of tension in the weld. 
_ In Fig. 3, the curve labeled ‘‘Initial Residual” is taken 
rom such other tests. This is then compared with the 
curve labeled ‘Final Residual” which results from the 
‘repanning operation in the present test. The stress at 
top load has significance mainly as an indication of the 
local intensity of the tensile loading. The result of that 
loading is judged by the initial and final residual curves. 

This result consists in a reduction of the peak of resid- 
ual tension in the weld by about half, appearance of a 
new tensile peak at the plate edge three-fifth that in the 
weld, with the balancing compression in between spread 
in a broad band rising to about half the peak in the weld. 

In the final state, Panel 22 has a narrow central zone of 
tension whose half width is about 4 in. By a rough in- 
‘egration and estimate the total residual tension in this 
7 isat about 40 kips. per inch of thickness. The tensile 
ro the edge is about 13 in. wide, with total tension of 

‘ps. per inch. total tension 130 kips. per inch. The 
compressive zone is 18 in. wide and the measured stress 
gives a good balance against the tension. 

* Paper by Me 


Tre We tiam, de Garmo & Jonassen published in the Oct. 1946 issue 
t Captain Ue Research Supplement. 


S JME details of the procedure in this test which 


The emphasis of the authors goes to the reduction of 
the peak tension in the weld, and the new pattern of dis- 
tribution outside the centerline strip, like the old one, is 
described as a condition of low compression taken as zero. 
This is a somewhat simplified picture. In the data drawn 
from other tests the wide zone of low compression fits in 
such a picture, but the data taken in this test show a ten- 
sile zone, at the edge, of intensity three-fifth that on the 
centerline. However, when the edge zone is combined 
with the compression zone, the total comes near zero, 
with a small net on the compression side. 


Since the width of the centerline tensile zone remains 
unchanged the reduction of the peak there requires the 
reduction of the net compression outside. This net value 
happeris to be a small difference between two fairly large 
quantities. 

Consider the cycle of stress values at a point at the 
edge. The release of the mean stress of 20 kips. causes a 
uniform drop of that same amount all the way across the 
plate. At the edge the stress dropped from 37 to 14 kips., 
a difference equal to 20 within the limits of precision of 
the work. 

But how did the stress at the edge pass from the initial 
value of 2 kips. in compression to one of 37 kips. in ten- 
sion? Loading to an average of 20 kips. caused an incre- 
ment of double that value at the edge. 

The contribution of the centerline strip to the half load 
of 700 kips. was limited by its inability to accept stress be- 
yond the yield point, so that it came in for only about 40 
kips. The next 6 in. of half-width contributed about 80 
kips. This left 580 kips. to be carried by the outboard 25 
in., and the share of this rose steadily to a maximum at 
the outboard edge. 

The explanation which occurs to me is this: 


It may be that the initial residual curve in this plate 
deviated from the general result of previous tests in hav- 
ing a broader centerline zone, so that the loading brought 
the material to the yield point over a greater width than 
shown in Fig. 3. The applied tension at maximum load 
would thus come mainly on the outboard part of the 
plate. 

How do the authors explain the existence of a residual 
tension of 48 kips. in a material whose yield point in the 
tensile test is from 30 to 35 kips? Referring to calculated 
results shown in Fig. 19 of my paper on “‘Stress and Strain 
in Plastic Flow,” in the September issue of THE WELDING 
JOURNAL, it will be seen that such an effect can be at- 
tributed to transverse components of stress of the order of 


1/, to '/; the longitudinal component. Is this explanation 
accepted ? 
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Finally, the absence of strain measurements is noted, 
especially of those in the plastic range. And the extent of 
strain in the weld should be known. How much remains, 
after this operation, of its reserve of ductility? 


Authors’ Reply 


HE authors are grateful to Captain Roop for his 
discussion of their paper. Replies to the points 


made are given in the order raised. 

Without question the pulling tabs produced a severe 
concentration of stresses at the ends of the panel. At the 
middle section, however, a uniform loading condition pre- 
vailed as was verified by the data. 

The comparison of tensile and compressive zones for 
panel 22 from the curve of final residual stresses in Fig. 3 
of the paper verifies the known state of equilibrium. The 
observation does serve as a check on the validity of the 
measuring procedure and technique. 

Figure 4 expresses an over-all simplified picture as was 
stated. Although it is inadequate to describe the complex 
readjustment of adjoining elastic and plastic regions, it 
was included primarily since it does give a reasdnably 
good prediction of the change in weld stress. 

The explanation for the relatively large load assumed 
by the outer edges of the plate compared with that as- 
sumed by the strips between the weld and the plate edges 
appears to be fairly clear. To illustrate the point con- 
sider a plate in tension with no initial residual stress. As 
long as no yielding occurs the load increments will be 
uniformly distributed across the width of the plate. Now 
if the central portion has a lower yield value than that for 
the remainder of the plate, it follows that as the applied 
load increases, yield will occur first in the center. Thus, 
the tensile stress will increase only slightly in the central 
portion but more rapidly toward the edges of the plate 
which are least affected by the plastic action. A similar 
effect occurs in the welded plate which differs only in that 
a residual stress system exists initially and that the weld 
material has a higher yield than the plate material. Here 
again, however, the central (weld) strip yields first during 
load application due to its initially high residual stress, 
and the stress increments are greatest in the edge strips 
which are farthest removed from the plastic action. This 
is clearly seen by comparing the dashed curves with the 
dot-dash curves of Fig. 3. 

Any explanation of this transfer of load to the outer 
plate edges based on an assumed different distribution of 
initial stresses may be dismissed. This curve represents 
very consistent results of many previous panels welded 
under the same conditions. The authors have consider- 
able confidence in the validity of this distribution. 

The existence of residual tensile stresses of 48,000 psi. 
are easily explained. The yield value in simple tension 
for the material near the center of the weld deposit, which 
is a composite of high yield weld metal and heat treated 
base metal, has been demonstrated to be very close to 
45,000 psi. This is in line with the measured residual 
weld stress by the trepanning method. A secondary 
contribution to the high initial residual weld stress is due 
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LOAD APPLIED TO SPECIMEN 


LONGITUDINAL STRAIN 
INCREMENT MEASURED 
FROM AS-WELDED 
COND/TION 


Fig. A—Load-Strain Diagram or Gage on Transverse Section 
of Welded Tensile Panel 


to transverse and weld thickness components of stress 
which produce a multiaxial condition. 

To help clarify the procedure of stress calculation a 
load-strain diagram for an element of the test section 's 
included here in Fig. A. During the initial loading all 
gages showed equal slopes, m, on the load-strain curves, 
indicating a uniform distribution of load increments. s 
the first loading cycle OA B was completed, those gages on 
the weld indicated a plastic flow as shown by the large 
strain increment from O to B (410 micro-inches per incl 
for panel 22). Points O and B were essentially coincident 
for those gages in the elastic region. During the unload- 
ing from C to D on the second load cycle all gages, on 0" 
off the weld, recorded very nearly equal strain incre 
ments @,. This indicated a uniform elastic decrease 
stress over the entire test section. The value ¢, for al 
gages amounted to about 740 micro-inches per inch |0! 
panel 22. Point E represents the completely relaxed co™ 
dition after the trepanning operation. The incremett 
é, is the final residual strain. The above two longitudin:l 
strains and their corresponding values in the transverse 
direction were used in the equations of elasticity to“ 
culate the stress changes cited. WP 

It is hoped that the above comments will be hel) ful 7 
further interpretation of the tests and tn answering tie 
questions raised by Captain Roop. 
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Static and Fatigue Tests of Arc-Welded 
Aluminum Alloy 61S-T Plate’ 


By E. C. Hartmann, Marshall Holt and A. N. Zambokyt 


ELDING of aluminum alloys is widely used, 
\ \ ) particularly in the low strength nonheat- 
treated alloys. Welding of the heat-treated 
alloys is, of course, not so widely used, largely because of 
the reduction in properties resulting from the heat of 
welding. Considerable research effort is being devoted 
to this problem of welding the higher strength alloys, 
however, and progress is being made. Of the various 
heat-treated alloys available, alloy 61S, consisting nom- 
inally of 0.25 per cent copper, 0.6 per cent silicon, 1 per 
cent magnesium, 0.25 per cent chromium and the bal- 
ance aluminum, seems to be the best suited for welding 
ind has received considerable attention. This is the 
alloy selected for the investigation described in this paper. 
Although the welding of the high-strength aluminum 
alloys has by no means reached its final state of develop- 
ment, it is believed that some preliminary information 
on the static and fatigue strength of metal-arc welded 
jomts in this alloy would be useful to engineers and 
designers. Previous investigations at Aluminum Re- 
=" Presented at Twenty-Seventh Annual Meeting, A.W.S., Atlantic City, 
N. J., week of Nov. 17, 1946 


. t Aluminum Company of America, Aluminum Research Laboratories, 
“ngineering Design Division, New Kensington, Pa. 


Table 1—Tensile Properties of 61S-T Material Used 


Yield 
Strength 
Tensile (Offset, Elonga- 
Item Strength, 0.2%), tionin2 
No, Psi. Psi. In., % Remarks 
l 47,100 42,500 16.0 For specimens of 
types 1 to 9, in- 
clusive 
< 45,500 38,000 19.8 For specimens of 
types 10 to 15, 
inclusive, and 
monoblock 
specimen 
42,000 35,000 10.0 Minimum values 
Cation 
_QQ-A-327 


wa are average of two tests, except Item 3 which is one test 


Specimens take i i " 
alf-inch wid n normal to direction of rolling except for Item 3. 


ASTM Se. © specimens of full thickness of plate, see Fig. 2, 

1944 Boole tandards for Tension Test of Metallic Materials, E8-42, 
ook of A.S.T.M. Standards, Part I, p. 962. 


Table 2—Welding Procedure 


Manual Metal-Are Welds Using */\s-In. Diam., 43S Alcoa No. 27 
Flux-Coated Electrodes. All Specimens Preheated to 400° F. 
Before Welding. D-C Current and Reversed Polarity Used. No 
Heat Treatment Given After Welding. Distortion in Specimens 
Removed by Simple Straightening. 


Speci- Method of 
men Preparation Method of Number of Weld 
Type for Welding Preheating Passes 


1 Clampedtocopper Local, along Two on first side, then 


back-up strip joint one on reverse 
2 Clamped tocopper Local, along Two on first side, then 
back-up strip joint one on reverse 
3 Clamped to steel Furnace Two 
plates and angles 
4 Clamped to steel Furnace Two 
plates and angles 
5 Clamped to steel Furnace Two 
plates and angles 
6 Clamped to steel Furnace Two 
plates and angles 
7 Clamped to steel Furnace Two 
plates and angles 
8 Tack welded Furnace One progressive, then 
two, each of which 
was applied to re- 
spective half of 
scallop 
9 Backed up with Local, along Two on first side, then 
steel plate joint one on reverse 
10 Tack welded Furnace Two 
ll Tack welded Furnace Two 
12 Clamped to steel Furnace Two 
angles 
13 Clamped to steel Furnace Two 
angles 
14 Tack welded Furnace One 
15 Tack welded Furnace One 


search Laboratories have shown that the fatigue 
strengths of welded joints depend less on metallurgical 
features of the welds than on the geometrical features of 
the joints such as the type of joint used and the freedom 
from undercutting. For this reason, it was believed that 
the fatigue results from this investigation would be of 
considerable permanent value in showing the relative 
effects of eccentricities and discontinuities even though 
improved methods of welding now being developed may 
obsolete the numerical results. 

The basic material for this investigation was */s-in. 
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Fig. 1—Types of Specimens of Welded Plates. (Note: Main Plates, */; In.{Thick) 


thick rolled plate, solution heat treated and artificially 
aged by the usual commercial procedure. The material 
in this condition is designated 61S-T.* The mechanical 
properties of the plate used are given in Table 1 and are 
within the range commonly encountered in this product. 
The fifteen types of specimens tested are illustrated in 
Fig. 1. In addition to these, fatigue tests were made on 
the monoblock specimen shown in Fig. 2, which was pro- : 
portioned with a view to determinitig the basic fatigue on. 
strength of the plate itself with the original rolled sur- 
faces intact. 3 DRILL &REAM-8 HOLES 
Where possible, all welding of the specimens was done 8 DRILL &REAM~8 HOLES 
on fairly large panels such as that illustrated in Fig. 3, Fig. 2—Monoblock Specimen for Direct-Stress Fatigue Tests 


* Navy Dept. Spec. 47-A-12, Federal Specification QQ-A-327. (Used for Tests of Original Unwelded Plate) 
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Fig. 6—Fatigue Testing Machine for Structural Units 


FATIGUE TESTS OF ALUMINUM ARC WELDS 


which was later cut apart to make the individual speci- 
mens illustrated in Fig. 4. In the case of Types 13, 14 
and 15, however, the plates were cut apart before welding 
and the splice plates welded to the cut pieces. The 
welding procedure is given in detail in Table 2, the general 
procedure being to position the specimens, preheat to 
400° F., and then manual metal-are weld with */-in. 
diam., 43S Alcoa No. 27 flux-coated electrodes. Direct 
current with reversed polarity was used. The cross sec- 
tion of a typical butt weld of type 2 is shown in Fig. 5 
Where undue warping in any of the specimens was en- 
countered, cold flattening was used to realign the plates 
before the tests. The welding was done in the Jobbing 
Djvision of the Aluminum Co. of America. 

The fatigue tests of this investigation were made in the 
machine shown in Fig. 6, which was designed especially 
for this type of loading.' Although the machine was 
constructed so that a range of direct stress involving 


either tension or compression could be applied to the 
specimen, the tests of this investigation were confined to 
a stress range from zero to a maximum stress in tension 
(stress ratio equal to zero). 

Each of the two units of the machine consists essen- 
tially of a rigid base and a loading beam hinged to the 
base at one end and driven by an adjustable crank at the 
other. The specimen is installed in a vertical position 
about 15 in. from the fulcrum of the loading beam. It 
is gripped between two steel plates with body-bound 
steel bolts as shown in Fig. 7 and except for three speci- 
mens, no failures occurred in the region of the grips. 


13l-s 


ig 
= 
| 
Fig. 4— Welded Joint Fatigue Specimen 
ig. S—Cross Section of Typical. Butt Weld of Type 2. 2 x @ 
Fig. 7—Arc-Welded Joint Fatigue Specimen in Structural 
ne H Fatigue Testing Machine (Type 7 Specimen) 
= 
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The loading beams, which are of aluminum alloy, act as 
second-class levers and their deflection provides a means 
of measuring the load as the crank is turned slowly by 
harid. 

The machine had been previously calibrated’ and the 
inertia effects of the moving parts on the indicated load 
have been determined. Corrections obtained from these 
dynamic calibrations were included for all the fatigue test 
data reported herein. The machine operates at as peed 
of about 210 cycles per minute. A fatigue test was con- 
sidered finished at the formation of a visible crack or at 
the end of about 25,000,000 cycles 
of stress. 


in Fig. 22. 


Static tensile tests were also made on joints 


of Types 1 and 2 using A.S.T.M. standard half-inch wide 


specimens and Templin self-aligning grips. 


The ultimate 


strengths developed are given in Table 4 and agree reason- 
ably well with those given in Table 3 for 5’/s-in. wide 


specimens. 


The effects of the heat of welding on the static strength 
of 61S-T can be seen from a comparison of the tensile 
strength of the original 61S-T material with the results 
from specimens of Types 11 and 12 in Table3. The 
static strengths of these specimens were 22,950 psi. and 


The fatigue machine is equipped 


with a limit switch sufficiently sensi- 
tive that the machine is stopped by 
the development of only a small 
crack in the specimen. In most 
cases the limit switch was reset so - 


Aluminum Alloy Plates 


Treatment After Welding. 


Table 3—Strength of Metal-Arc Welded Joints of Various Types in 61S-T 


Weld Wire, 43S. Main Plates 5’/, In. Wide by */; In. Thick (Nominal). 


that relatively large cracks developed 
as shown in Figs. 8,9 and 10. For 
example, the crack in specimen No. 
112, Type 13, was first detected at 


Load, P, Main 
Lb 


Ultimate Strength from Static Tests 


Average 
Stress on 
Cross Area of 
Plates, 


Psi 


Average 
Load 
per in. 
of Weld, 
Lb 


Failure 


Tensile Fatigue Strength, Psi 


No Heat 


Load Divided by Area of Main Plate 


Stress Ratio: 


Cycles 


Cycles 


Minimum Stress 


Cycles 


Specimen 

404,500 cycles and developed to the = 

extent shown in Fig. 11 at 1,628,800 Type 1 IH 
cycles. During these additional 

cycles, no adjustment was made in 
the machine so that as the crack — vm 
developed, the load decreased some- 

what. Ithad been established, how- nae 
ever, that at first cracking, the load. Type 2 a 
did not decrease more than about Lt 


100 Ib. 

The results of the individual fa- Type 4 ja 
tigue tests are given in the S-N dia- 

grams (stress-number of cycles 

curves) in Figs. 12 to 19, inclusive. Tree 5 i 
The stresses were taken as load di- 

vided by the gross section of the 

main plates and do not take into Type 6 2 
account the high localized stresses - 
induced by bending or by physical 

stress raisers. A summary of the ner: ; 


data is given in Table 3. 
All the welds were radiographed lA 
Type 8 


after failure. Figure 20 shows butt- 
welded joints of Type 1 and Fig. 21 
shows a cross section at the point of 
failure of one of these specimens. 
The type of failure illustrated in 
Fig. 21, through the spatter marks a ton 
on a main plate, is typical of those 
encountered in two-thirds of the 
specimens of this type. type 
Static tensile tests were made on 
welded joints using specimens 5’/s in. 
wide. Measurements for deforma- ie | 
tion were taken on each specimen 
on a 12-in. gage length using a dial 
gage reading directly to 0.001 in. oni |e 
The dial gage was equipped with 
suitable extensions and had points ; 
set at right angles to the direction of Type 14 bu 
travel of the plunger. These points ; 
engaged punch marks at the center 
of the thickness of the main plates Sree 46 be, 
and symmetrically disposed to the 
center of the joint. These static 
tests were made in a 300,000-lb ca- 
pacity Amsler hydraulic testing ma- 
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chine using wedge-type grips. The 
type of specimen used is illustrated 


* Determined from one-half inch 
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wide snecimens of full thickness of the plate, 


tor Tension Testing of Materials, PA-42, 1944 Pook of A.S. 


see Fig- 2 A.S.7.4. 
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Table 4—Results of Static Tests of 61S-T Metal-Arc Welded 


Joints 
(Types 1 and 2 in the Form of '/,-In. Tensile Specimens) 
Yield 
Strength 


Tensile (Offset, Elonga- Joint 
Specimen Weld Strength, 0.2%), tionin2 Efficiency, 


Type Bead Psi. Psi. In., % %* 
Original None 47,100 42,500 16.0 100.0 
Plate 
Type 2 Left on 24,685 17,050 10.8 52.4 
Type 1 Dressed 24,270 17,000 14.5 51.6 


* Comparison of tensile strengths with that of original plate. 

Results are averages of two tests. 

Specimens were cut normal to the direction of rolling. 

Half-inch wide specimens of full thickness of plate, see Fig. 2, 
A.S.T.M. Standards for Tension Test of Metallic Materials, E8-42, 
1944 Book of A.S.T.M. Standards, Part I, p. 962. 


26,250 psi., respectively, compared with 46,300 psi. for 
the unwelded material. In other words, the heat of 


28 


1947 


welding reduced the static strength approximately 50°. 
In view of the fact that the strengths of specimens of 
types 11 and 12 were above the nominal tensile strength 
of annealed 61S material, 18,000 psi., it seems evident 


that the heat of welding does not completely anneal the 
material. 


This investigation does not offer any clear-cut com- 
parison which shows the effect of heat of welding on 
fatigue strength since all comparisons are complicated by 
discontinuities or stress raisers at the welds. From a 
consideration of rotating-beam fatigue tests on specimens 
machined from rod, however, the reduction in fatigue 
strength caused by complete annealing of 61S-T material 
would be expected to be on the order of 52 to 58% in the 
range of cycles from 100,000 to 1,000,000.? It is evident 
from comparing the fatigue strengths of the welded 
joints in this investigation with those of the monoblock 
specimens that reductions in fatigue strengths consider- 
ably greater than this were encountered, indicating, of 
course, that the annealing effect of the heat of welding 
was only one of the factors operating to reduce the fa- 


Fig. 9—Specimens of Type 3 After Fatigue Test (Arrows Indicate Location of Fatigue Cracks) 
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Fig. 8—-Specimens of Type 2 After Fatigue Test (Arrows Indicate Location of Fatigue Cracks) 1 
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tigue strength of the joints compared to that of the mono- 
block specimens. 

Specimens of Type 11, which contain a transverse weld 
but no actual joint in the main plate, probably give fa- 
tigue strengths which may be considered the maximum 
that can be attained by joints of the best design made 
with this method of welding. In view of this, it is in- 
teresting to note that fatigue strengths of Type 11 speci- 
men are from 42 to 58% of those obtained on the mono- 
block specimen. A similar comparison of carbon steel 
and low-alloy steel welded plates, tested at the Uni- 
versity of Illinois under complete reversal of stress, indi- 
cates that there is little difference between fatigue 
strengths of monoblock specimens and of specimens simi- 
lar to the type 11 joints shown in Fig. 1. Undoubtedly, 
the greater effect of heat of welding in the case of heat- 


112 


39 
Fig. 10—Specimens of Type 4 After Fatigue Test (Arrows Indicate Location of Fatigue Cracks) 


treated aluminum alloy is largely responsible for the 
differences encountered in the two materials. 

The static strengths of the joints with the plain butt 
welds (Types 1 and 2) are close to those of the plates with 
the attachments (Types 11 and 12). The fatigue 
strengths at 10,000,000 cycles are also in good agreement, 
that of the butt joint with the dressed weld agreeing with 
that of the plate with the concentrated attachment and 
that of the butt joint with the weld bead agreeing with 
that of the specimen with the wide attached plate. At 
the lower numbers of stress cycles the butt joint with the 
dressed weld has a definite advantage over the plate with 
the concentrated attachment. 

In the static tests, the double-welded single-strap butt 
joints of Type 4 are quite superior to similar single-welded 


] 


joints of Type 3 when compared on the basis of total loa’ 


Fig. 11—Specimens of Type 13 After Fatigue Test (Arrows Indicate Location of Fatigue Cracks) 


(Left). 
(Right). 


First crack at 404,500 cycles; shown after 1,628,800 cycles. 
First crack at 52,100 cycles; shown after 439,600 cycles. 
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or average stress on the gross area of the main plates. 
On the basis of static load per inch of weld, the strengths 
are in good agreement. In the fatigue tests, the double- 
‘welded joint has only a slight advantage at the lower 
number of cycles. The test results from Type 8 joint 
show a slight advantage in both static and fatigue 
strength for scalloping the single-welded splice plate in 
order to increase the length of the weld. 

A comparison of the results of the tests from joints of 
Types 3, 4 and 5, show that a symmetrical double-strap 
butt joint is much superior to a single-strap butt joint. 
The use of splice plates of unequal widths or of staggered 
splice plates as in Types 6 and 7, in order to avoid the con- 
centration of weld metal at a cross section of the main 
plates, results in strengths intermediate between those of 
single-strap joints and symmetrical double-strap joints. 
It is evident then that the effects of concentrated welding 
are not as severe as the eccentricities introduced by un- 
like or staggered splice plates. 

Although no data are available on the fatigue strength 
of riveted 61S-T joints for comparison with the welded 
61S-T joints tested in this investigation, fatigue data are 
available on riveted joints of aluminum alloys 53S-T and 
17S-T.* From this comparison it is found that the best 
of the riveted joints (double-strap butt joints) in alumi- 


ete 


¢ Cross section shown in Fig. 21 
Fig. 20—Radiograph After Failure of Butt Welded Specimens 
with Weld Bead Dressed Off, Type 1 


num alloys showed fatigue strengths, expressed as 
pounds per square inch on the gross area of the main 
plates, exceeding the fatigue strengths of the best of the 
welded joints tested in this investigation. It is also in- 
teresting to note, however, that in many instances the 
best of the welded joints perform better in fatigue than 
many riveted joints. One such comparison which is of 
particular interest in ship construction shows that at 
2,000,000 cycles of stress the Type 2 welded joint in this 
investigation has a better fatigue strength than a flush- 
riveted lap joint in 53S-T plate.® 

Increasing the length of a butt weld by scalloping the 
edges of the plates as in the specimens of Type 9 shows 
considerable advantage at low numbers of cycles whereas 
in the static test and at very high numbers of stress 
cycles, the simple straight weld, Type 2, had the greater 
strength. 

Tee joints of Type 10 were not as strong as simple butt 
welds, Type 2, except at low numbers of cycles in fatigue. 

Comparison of the strengths of joints of Types 13 and 
15 also shows the strength advantage of symmetrical 
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Fig. 21—(Top). Typical Fatigue Failure in Type 1 Specimen 
Through Spatter Marks on Main Plate. 5. (Bottom). 
larged View of Portion of Fatigue Crack. X 75 


double-strap joints over single-strap joints. In these 
joints with longitudinal fillet welds, the cross section oi 
the splice material was practically the same as that ol 
the main plates. The lengths of the weld beads were 
less than those in specimens of Types 3 and 5 and the {a- 
tigue strengths were from only 45 to 75% as great. 
Since the fatigue failures were across the center oi the 
splice plates as shown in Fig. 10, it is reasonable to believe 
that for joints of these proportions there would be 1 
advantage in the use of longer splice plates. From tests 
made on steel plates at the University of Illinois,* it was 
concluded that of the types of lap joints studied there 
which included both longitudinal and transverse fillet 
welds, none had a fatigue strength significantly greatt’ 
than that of a simple joint with longitudinal fillet weles 
along the sides and a transverse fillet weld across the en¢s 
of the plates. 

Radiographic examination of some of the butt-welde¢ 
joints of Types 1 and 2 indicates that fine toc rsa a 
rosity even in large amounts is not as important in dete 
mining the fatigue strength of a joint as are the ext a 
discontinuities produced by irregularities in the we 
bead and cavities resulting from spalling of the electri - 
Relatively low fatigue strengths were obtained with = 
dressed welds showing excessive penetration 4s well a 


igh 
with those showing insufficient penetration. M's 
_ 
Fig. 22—Static Tensile Specimen of Arc-Welded Joint 
MARCH 
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fatigue strengths were obtained on butt welds when the 


center lines of the weld reinforcements on the two sides 


of the plate were directly opposite. In nearly all cases 
there was some misalignment of the center lines of the 
beads as shown in Fig. 5. 

The deformations of the joints measured in the static 
tension tests are shown in Fig. 23. The initial slopes of 
the curves for Types 1, 2, 9, 10 and 11 are the same as that 
computed for a similar monoblock specimen. The use 
of deuble straps results in a slightly stiffer specimen, 
whereas the use of a single strap results in a much more 
flexible joint, as would be expected. 

Comparing all the joints tested in the investigation it 
is found that none is superior in overall performance in 
static and fatigue tests to the simple butt joints of types 
| and 2. For long life under repeated loading the butt 
joint with the bead dressed flush (Type 1) is the most 
desirable type. Tests made at the University of Illinois 
on steel plates also show the superiority of a dressed weld 
over an undressed weld.’ 

The remarks which follow are based on the results of 
these tests on metal-are welds made in aluminum alloy 
61S-T and stressed cyclicly from zero to a maximum in 
tension. Although it is reasonable to expect improve- 
ment in the welding technique and the quality of the 
welds, the conclusions derived from this investigation on 
the design of welded joints should remain valid, at least 
qualitatively. They are probably also applicable to 
other aluminum alloys and to material of greater or less 
thickness. 

1. The welded joint with the greatest fatigue strength 
is a butt joint with the weld bead removed. On the 
other hand, the greatest static strength is obtained from 
a butt joint with the weld bead left on. For butt joints 
under fatigue loading in which the weld beads are to be 
left in place, it is beneficial to have the center lines of the 
beads on the two sides of the plate exactly opposite one 
another. The fatigue strengths of joints with dressed 


welds are from 49 to 54% of those of monoblock speci- 
mens. 

2. The fatigue strength of double-welded single-strap 
butt joints with the welds normal to the direction of 
stress (Type 4) is little different from that of similar 
single-welded joints (Type 3). The static strength of 
the double-welded joint is considerably greater than that 
of the single-welded joint. 

3. The fatigue strength of double-strap butt joints is 
greater than that of single-strap joints. In double-strap 
joints the use of straps of different widths or of staggered 
arrangement of straps results in a lowering of both the 
static and the fatigue strengths. 

4. Increasing the length of the weld bead by the use 
of scalloped plates is generally ineffective in increasing 
the static or fatigue strength of the joint. 

5. Inthe static test, the heat of welding does not com- 
pletely anneal the 61S-T plates but reduces the strength 
about 50%. 

6. The fatigue strengths of plates with welded-on at- 
tachments are from only 38 to 58% of those of the original 
unwelded plate. On the basis of rotating-beam tests on 
round polished specimens, the fatigue strength of an- 
nealed material might be expected to be in this range or 
slightly higher. 

7. When the cross-sectional area of the splice plates 
is approximately the same as that of the main plates, the 
fatigue strength of a joint with transverse fillet welds is 
considerably greater than that of a similar joint with 
longitudinal fillet welds. In both cases the failures oc- 
curred in the plates and not in the welds. 


Supplementary Tests 


A few preliminary tests have been completed on a 
series of specimens of the same 61S-T plate welded by the 
argon-shielded tungsten-arc method. This method gives 
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Fig. 23—Load-Deformation Curves—Static Tension Tests 
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welds of smoother appearance than those described in 
the foregoing part of the paper. Although the argon- 
shielded welds gave no increase in static strength over the 
earlier welds they showed a definite improvement in fa- 
tigue strength in the range of cycles investigated thus 
far. It may be that the smoother welds obtained with 
the argon-shielded arc method are responsible for the 
higher fatigue strengths. Additional tests are being 
made to clarify this point. 
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Discussion of the Paper 
“Redistribution of 
Residual Welding 
Stresses by Tensile 

Loading Along a 


Unionmelt Weld 
Joining Two 3-Ft. x 
12-Ft. x 1-In. Plates” 


By E. M. MacCutcheont 


HIS paper demonstrates that under static load- 

ing and when the yield point of the deposited weld 

metal is of the same order as the base metal, the 
residual welding stress will be reduced to low order upon 
the application of a static load producing a stress which 
approaches the yield point of the base metal. 

Several methods have now been indicated by means 
of which residual stresses in welded structures can be 
reduced. These methods relieve the stress at the ex- 
pense of only a small part of the usable ductility of the 
steel and make it clear that the residual stresses must be 

* Paper prepared by J. L. Meriam, E. Paul DeGarmo, and Finn Jonassen. 


Published in the Oct. 1946 Supplement to THe Wetpinc JouRNAL, 
+ Naval Architect, U.S. Coast Guard, Washington, D. C. 


very low when the point of destruction is finally reached 
in uni-axial tensile loading. These data cast further 
doubt on the significance of residual stress in welded 
structures. 

No immediate practical application of this stress re- 
lieving method suggests itself to this speaker but I be- 
lieve that the principle indicated by these tests can bx 
put to use in supplying information toward the solution 
of one of the more tantalizing problems confronting 
Naval Architects, namely, the question of the loads on 4 
ship structure. By means of accepted and _ proved 
analytical computation methods, it is possible for 4 
Naval Architect to estimate the stress produced in a ship 
structure by a specific distribution of weights and buoy- 
ancy. The magnitude and cycles of hull stresses brought 
about by construction practices, by temperature differ- 
entials, and by the sea are not even approximately 
known, however. The present method of defining 
maximum hull bending loads is arbitrary and useful only 
for comparison between ship designs. 

The tests described in the paper under discussion indi- 
cated that if the original and final residual stresses are 
known, the difference between these two can be described 
as the stress brought about by the total of all loads super 
imposed on the weld. This principle suggests itself as 4 
useful tool for total stress measurement. It, of course, 
would define the maximum stress only. Sea, launching, 
temperature, lock-in and cargo loading stresses cann ' 
be separated by means of such a tool. On the ships, muc* 
data are already available regarding the magnitude “! 
the initial residual welding stresses. In addition, some 
data are available regarding the residual welding stress 
which remain after a period of service. It would appt" 
that by obtaining additional data and submitting 
findings for a valid statistic analysis, it might be pos 
to approximate the end point on the maximum wor 
stress curves for ship’s hulls. 
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Further Observation of Graphitization 
in Aluminum-Killed 
Carbon-Molybdenum-Steel Steam 

Piping 


By R. W. Emerson’ and Matthew Morrow' 


Introduction 


HE graphitization of steel containing less than 

1% carbon and particularly less than 0.2% carbon, 

at subcritical temperatures although reported in 
the literature! was, prior to 1943, of little more than 
academic interest. 

The complete circumferential failure of a carbon- 
molybdenum-steel steam pipe in January 1943, which 
was attributed to subcritical graphitization, and the 
subsequent discovery of the same phenomenon in pipe 
lines in many other high-temperature steam power 
plants during the past 3 years has, however, resulted in 
the establishment of numerous intensive research pro- 
grams which have been sponsored by both private in- 
dustry and joint investigating committees. The results 
of these various investigations have been viewed by both 
the consumer and the producer with increasingly keen 
interest. 

A report of the failure mentioned was given, together 
with three other papers dealing with graphitization, be- 
lore the A.S.M.E. in December 1943.45 The many in- 
vestigations which have been carried out during the 
past 3 years have shown that graphite tends to segregate 
along the extremity of the heat-affected zones of welded 
jomts, provided the steel is one in which the carbide is 
potentially unstable. 

In February 1945, however, routine sampling of sev- 
eral joints at the Springdale Power Station, at which 
station the original failure occurred, revealed a condition 
ol graphite segregation which was not only of a serious 
nature, but one which was totally different from any- 
thing previously encountered. Whereas the terms 

isotherm” and “eyebrows’’ were used to describe 
graphite segregation encountered adjacent to welded 
jomts, due both to the location and macroscopic appear- 
‘nce of the graphite, the authors have chosen in this 
pone term “slip-plane”’ graphitization to describe a 
; rT ition of graphite segregation which appears to have 
unquestionably occurred along slip planes where local 


yielding” or localized plastic deformation had previously 
occurred. 


Although the 
adds further to 
sraphitization, it 
Ol this g 


discovery of slip-plane graphitization 
the general field of knowledge about 
also points to the over-all complexity 
cneral problem with which we are dealing. 


Re e 
t Metallus Pir August 1946 issue of Transactions A.S.M.E. 
and Equipment Con Metallurgist, respectively, Pittsburgh Piping 

Eflect of eee the Joint A.S.T.M.-A.S.M.E. Research Committee on 
bual Meetiny - ‘ture on the Properties of Metals and presented at the An- 


of Mechanical phat N. Y., Nov. 26-29, 1945, of The American Society 


Location of Slip-Plane Graphitization 


In sharp contrast to ‘isothermal’ graphitization ad- 
jacent to welded joints, slip-plane graphitization varies 
markedly from I.D. to O.D. and from quadrant to quad- 
rant on the pipe periphery. For this reason the location 
of the graphitized area with respect to the boiler lead in 
which the difficulty was found, as well as its location with 
respect to the original failure, is given in Fig. 1. Twelve 
inches of pipe, including the upset pipe end of No. 4 
boiler lead, was removed at the time of the failure in 
January 1943. This was replaced by a spool of pipe 
from one of the three heats of pipe originally used in this 
installation in 1937. This pipe, however, had never 
been in service and was used without upsetting. Joints 
4-1 and 4-1A as shown in Fig. 1 were welded, using a 
400° F. preheat and a 1200° F. stress-relieving heat 
treatment. 
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Fig. 2 (A)—Panoramic View of Graphitization as Found in ‘“Weld Prober’’ Specimen from Joint 4- 
1A, 12-In. Schedule 160 Pipe-to-Bipe Weld. x 1 


Graphitization runs from O.D. to I.D. and on 45° angle with respect to longitudinal direction 
of pipe. Plastic deformation along planes of maximum shear stress is believed to be responsible for 


nucleation of graphite. 


Fig. 2 (B)—Circumferential Cracks at O.D. Which Run at a 45° 
Angle to Direction of Pipe Rolling 


In January 1944 (1 year later), 1'/.-in.-diam. tre- 
panned plugs were removed from both the inlet and out- 
let sides of joints 4-1A and the inlet (pipe) side of joint 
4-2. Microscopic examination revealed incipient graphi- 
tization of the 12-in. spool as well as a mild reinfection 
(graphitization) of both the outlet side of joint 4-1A and 
the inlet side of joint 4-2. Segregated graphite of a seri- 
ous nature, however, was not present in the plugs ex- 
amined. 

In February 1945 (2 years later), ‘‘weld-prober’’ speci- 
mens were removed from the same two joints at approxi- 
mately 45° from the location of the trepanned plugs. 

During the preparation of the specimen from joint 
4-1A, it was observed that two cracks were present in the 
old pipe which had all the characteristics of previously 
encountered graphite segregation, but which were in 
no way associated with the extremity of the heat-affected 
zone. Further examination revealed that these cracks, 
although extending from the O.D. toward the I.D. to a 
depth of */; in., did not run transverse to the direction 
of rolling on the pipe circumference but rather at an 
angle of 45° to the direction of rolling. The pattern of 
the cracks, as shown in Fig. 2, is typical of that which is 
produced in material which fails by shear. 

Inasmuch as this condition existed across the entire 
width of the weld-prober specimen and not knowing to 
what extent it continued into the pipe or whether or not 
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additional planes of graphite 
were present in the pipe re. 
maining in service, it was 
deemed advisable to replace 
the entire bend between the 
superheater header and non- 
return valve as shown in Fig 
1. This pipe bend was ac. 
cordingly removed on March 
2, 1945, and replaced by a 
1% chromium-0.5% molyb. 
denum steel having an anal- 
ysis comparable to A.S.T.M. 
Specification A 213, Grade 
T-12. 


Results of Macroscopic 
Investigation 


In an effort to determine 
the extent of the grossly seg- 
regated slip-plane graphitiza- 
tion which was found in the 
weld-prober specimen from 
joint 4-1A, a 13-in. section 
from the bend was removed, 
comprising the joint men- 
tioned, 4.75 in. of the 12-in.- 
long spool which was in- 
stalled at the time of failure, and 7.25 in. of the old pipe 
which had been in service since 1937, and which ex- 
tended to a distance of 19 in. from the original failure. 

Having previously found that heavily segregated 
graphite could be made visible to the unaided eye by 
either rough grinding or machining, the surface of the 
13-in. length of pipe was ‘‘turned”’ in a lathe to obtain a 
clean machined surface on both the O.D. and I.D.*” 

After machining, .the pipe section was stenciled i 
accordance with Fig. 3, and subsequently quarter-sec- 
tioned longitudinally. Before removing any test pieces, 
however, both the inside and outside pipe surface of each 
quarter-section was photographed. Figures 4 to 7, it- 
clusive, show the severity of slip-plane graphitization as 
revealed by surface machining only. It is to be empha 
sized that no special machining, grinding, polishing o 
etching techniques are required to locate heavily segre- 
gated graphite such as shown in Figs. 4 to 7, inclusive. 

Several distinct lines of heavily segregated graplute 
running at both a plus and minus 45° angle, can be see 
in the upper right-hand corner in Fig. 4 (Section F-1 
J-2, inclusive, see Fig. 3). A multitudinous number 0 
fine lines of segregated graphite are also present in the 
upper center of Fig. 4. A good example of “isotherm 
graphitization (graphite segregation at the extremuty of 
a weld-heat-affected zone) is shown by the semicircular 
pattern in the upper left of this figure. This condition 
was produced by the fillet welding of a 1-in. sq. bar to the 
pipe, apparently for mechanical reasons during the 
original erection of this piping. This, in effect, the 
result of a ‘“‘weld-bead’’ test similar to that devised and 
used by Battelle Memorial Institute, and others im 1949, 
as a simple test for determining the susceptibility : 
steel to graphitization. The bead test shown '0 this , 
lustration, however, was given an aging treatment . 
935 to 950° F. for approximately 65,000 hr. rer 
operating conditions), as contrasted with the artificw 
accelerated aging tests of 2000 to 8000 hr. or longer r 
1000 to 1050° F. Also present in Fig. 4 are seve 
lines of graphite adjacent and running into weld joint 
4-1A. 

Lines of heavily segregated graphite runmins @ 


MARCH 


Original Pipe 


t both 


oct 
. 
i 
| 
hee 
pris 


pic 


ermine 
ly seg- 
yhitiza- 
in the 
1 from 
section 
moved, 
men- 
12-in.- 
yas 
Id pipe 
ich ex- 
‘lure. 
regated 
eye by 
of the 
btain a 
2.12 
‘iled in 
ter-sec- 
pieces, 
of each 
> 7, 
ution as 
empha- 
hing of 
y segre- 
usive. 
raphite, 
be seen 
1 F-1 to 
mber 0! 
t in the 
therm” 
mity of 
circular 
yndition 
ir to the 
ing the 
is the 
sed and 
in 1949, 
ylity of 
this 
ment ol 
(actual 
artificial 
ynger 
sever 
Jd joint 


at both 


MARCH 


i tion K1 to O2, inclusive (see Fig. 3). 
Fig. 5. 


plus and minus 45° angles as well as multitudinous 
number of the finer lines of graphite were found in sec- 
This is shown in 
In addition to the foregoing, many other small 
speckled patches of localized graphite segregation of un- 
known origin are present in this figure. It is to be 


; pointed out that lines of heavily segregated graphite 


are not present in the location of the trepanned plug 
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(upper left, Fig. 5) which was removed in January 1944. 
This plug was removed from the side of the pipe at the 


Fig. 5—Graphite Pattern on Machined Outside Pipe Surface of 


Section Kl toO2. x 0.8 
(Reduced 50% in reproduction) 
T2 


Pl 


Fig. 6—Graphite Pattern on Machined Outside Pipe Surface of 
Section Pl toT2. x 0.8 


(Reduced 50% in reproduction) 
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location O2-P1 shown in Fig. 3. Metallographic evi- 
dence, however, indicated that not only was heavily 
segregated slip-plane graphitization present at the time 
this plug was removed in 1944, but that this condition 
actually existed at the time the 12-in. spool was welded 
into the line in January 1943. When sampling pipe for 
evidences of slip-plane graphitization, therefore, it can- 
not be overemphasized that the mere fact that such a 
condition is not detected in a test specimen does not 
mean that such a condition is nonexistent in the general 
vicinity of such a test specimen. 

The location of the weld-prober specimen, the macro- 
graphs of which are shown in Fig. 2, is shown in Fig. 6 
(section Pl to T2, inclusive), and it may be seen that it 
was coincidental that the location was so chosen that 
the heavily segregated slip-plane graphitization was 
intersected by the specimen removed. Had the speci- 
men been removed anywhere between section Al and E2 


Fig. 7—-Graphite Pattern on Machined Inside Surface of Section 
FltoNl. x08 


(Reduced 50% in reproduction) 


Fig. 8—Unetched Macrograph of Section II Showing Lines of 
Segregated Nodular rae Running from I.D. Toward O.D. 
of Pipe. xX 1 
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this condition would have gone undetected, and this 
pipe might possibly still be in service. The longest 
length of slip-plane graphitization, shown in Fig. 6, was 
found to be 4.5 in. 

The inside pipe surface was machined to determine if 
the condition described could be located on the inside 


stringers emanating from I.D. and intersecting those emanating from O.D. adjacent to weld. 
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Fig. 10—Macrosection $1, Showing Slip-Plane Graphitization. 
Etchant, hot 50% hydrochloric acid. 


pipe surface or if the graphite segregation found on the 
outside of the pipe had actually penetrated the entire 
pipe wall. The condition found on the inside pipe sur- 
face, although confined to sections F1 to M2, is believed 
to be even a more striking example of a graphitization 
pattern, the orientation of which is unquestionably the 
direct result of stress. 

Having observed the macroscopic appearance of both 
the inside and outside pipe surface, Figs. 8, 9 and 10 illus- 
trate the graphite pattern found through the pipe wall at 
sections Il and Sl. A roughly ground and unetched 
view of section I1 is shown in Fig. 8 at normal magnifica- 
tion. 

_The same section as shown in Fig. 8 is shown in Fig. 9, 
alter polishing and deep etching in hot 50% hydrochloric 
acid, This illustration, which takes in a larger area than 
Fig. 8, is shown at two magnifications. 

Since many of the lines of graphite segregation appear 
to emanate from the weld, it first appears that these 
lines formed as a result of and after joint 4-1A was 
completed (January 1943). On the contrary, however, 
close examination of this figure reveals that these lines 
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- 11—Bend Test on Section Tl, Showing Fissuring Along 
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have been partially eradicated along the 
heat-affected zone of the weld. Micro- 
scopic observations further substantiate 
that re-solution of the graphite took 
place in the heat-affected zone as a result 
of the localized high temperature during 
the rewelding of this joint. This fact 
was subsequently substantiated by G. V. 
Smith and S. H. Brambir, U. S. Steel 
Corporation Research Laboratory." 
Furthermore, had the lines of graphite, 
shown in Fig. 9, been initiated at the 
time of or subsequent to the welding of 
joint 4-1A, the condition of stress which 
initiated the graphite pattern in the old 
pipe would have been transmitted 
through the weld into the 12-in. spool 
and it would therefore be expected that 
similar lines of graphite segregation 
would be present in the 12-in. spool 
which was installed at the time joint 
4-1A was made, and which was of simi- 
lar chemistry and deoxidation as the 
original pipe. 

Still another reason for believing that 
this condition was initiated prior to and 
present in 1943 is that the average graphite-nodule size of 
the grossly segregated slip-plane graphitization closely 
approaches the size of random graphite located in the 
many specimens vf the originally installed material previ- 
ously examined microscopically. Although growth of 
isotherm graphite nodules have been followed in several 
welded joints exhibiting incipient graphitization in 1943, 
there have been no cases where the rate of nodule growth 
over a 2-yr. period would approach that found in this 
case (assuming this condition to have developed after the 
original failure). 

The depth and direction of the graphite segregation 
through the pipe wall at section S1 is shown in Fig. 10. 
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Physical Properties 


Several bend and tensile tests were made on pipe sec- 
tions, the locations of which are shown in Fig. 3. The re- 
sults obtained are shown in Figs. 11 and 12 and in Table 
1. These tests were made principally to confirm the 
authors’ belief that gross segregation of ‘‘nodular’’ 


TABLE 1 


Tensile Tests Removed from 
Graphitized Pipe 


Section Tensile Strength, Psi. 


59,130 
N2 58,860 
$2 46,050 


Graphitized Slip Planes. 
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graphite whether of the isotherm or slip-plane type is as 
effective as “chain” graphite in reducing the ductility of 
low-carbon or low-carbon-molybdenum steel. 
_ . The bend test shown in Fig. 11 was removed from sec- 
tion Tl (see Fig. 3). From the location of the fissures 
it may be noted that this specimen was cut from the 
upper portion of the quadrant shown in Fig. 6. Al- 
though the graphite segregation in this case has no direct, 
relation to the heat-affected zone of a weld, it is to be 
carefully noted that its ultimate effect on the ductility of 
the pipe is similar to that which has been found to occur 
at the “‘contact’’ zone of a welded joint. 

Both the side and edge view of a partially pulled ten- 
sile bar removed from section J2 is shown in Fig. 12. 
Planes of graphite may be observed to be “running” at 
both plus and minus 45° on the edge of the machined 
specimen. The edge view shown was adjacent to the 
inside pipe surface before removal of the specimen from 
the pipe. Numerous planes of graphite may be seen to 
extend from the I.D. toward the O.D. in the side view of 
this specimen. Failure occurred abruptly along one of 
the graphite planes at a stress of 59,130 psi. followed im- 
mediately by a necking down of the ductile portion of the 
specimen. 


Microscopic Examination 


Although macroscopically, slip-plane graphitization 
as shown in Figs. 4 to 12, inclusive, appears as a continu- 
ous crack, microscopically it appears as discontinuous 
large gray nodules. ‘The relative size and spacing of 
these nodules determine the resultant ductility of the 
material. 

One of the planes of segregated graphite, which was in- 
tersected by weld 4-1A in January 1943, is shown at a 
magnification of 100 in Fig. 13. It may be seen that the 
nodules which were outside of the heat-affected zone of 
the weld remained unchanged, whereas those just within 
the heat-affected zone were partially put into solution. 


Those nodules which were in the immediate vicinity of 
the line of fusion may be seen to be completely dissolved 
by the heat from welding. The sudden solution of the 
graphite in the austenite, followed by the rapid rejection 
of the carbon (graphite) as a carbide phase, resulted in 
the formation of a localized band of steel of hypereutec. 
toid composition. The carbide present in the darkened 
area in Fig. 13, which is probably in the range of 1 to 2% 
carbon, can be seen in Fig. 14 to have partially regraphi- 
tized in the 2-yr. period following its inception. 

The fact that the graphite was put into solution by the 
heat from the rewelding of joint 4-1A in 1943, is believed 
to be adequate proof that the graphite was present som 
time prior to the welding of this joint. as 

Further proof of this fact is offered in Figs. 15 to 17, in. 
clusive. Slip-plane graphitization at a remote distanc: 
from the weld is shown at a magnification of 100 in Fig 
15. The size and detail of these segregated graphite 
nodules are shown in Fig. 16 at a magnification of 600. 

In following the rate of growth of graphite adjacent 
to welded joints under both actual operating conditions 
and in accelerated aging tests made in laboratory fur- 
naces, the authors have never encountered a rate of growth 
of graphite over a 2-yr. period in low-carbon-moly)- 
denum steel which would even approximate that shown in 
Figs. 15 and 16. Ap 

This is believed to be substantiated by the published 
work of Kerr and Eberle;** Smith, Miller and Bram 
bir;*) 1! Weisberg;® '? Hoyt and Williams;’ Van Duzer, 
McCutchan and Rohrig,** as well as certain unpublished 
work on this subject by other investigators. In con- 
trast to Figs. 15 and 16, however, the rate of growth of 
graphite over a 2-yr. period in the contact zone adjacent 
to joint 4-2 is shown at a magnification of 600 in Fig. |) 
This joint was also rewelded in January 1943, and it's 
known that graphite did not exist adjacent to this jou! 
at the time it was rewelded. 

Since such a vast difference in nodule size exists be- 
tween Figs. 16 and 17, it is concluded by the authors that 
the slip-plane graphitization was initiated prior to 1%: 


Fig. 12—Side and Edge Views of Tensile Bar, Machined from Section J2. X 1'/ 


Note that failure occurred along one of the planes of graphite segregation. 
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Fig. 13—Intersection of Slip-Plane Graphitization with Line of 


Fusion of Welded Joint 4-1A. X 100 


and that the man 


anate f y graphite planes which appear to em- 


rom the weld are coincidental. 


Discussion and Probable Cause of Slip-Plane 
Graphitization 


whee 0 the over-all complexity of the graphitization 
Mm as it is known to exist, an attempt has been 
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made to correlate the existing facts with other published 
information. In so doing certain postulations could not 
be avoided in this discussion. 

The iron-iron carbide system, although extremely use- 
ful and of real importance to the ferrous metallurgist, 
has been recognized for many years as a metastable 
system; the iron-carbon system being the truly stable 
one. Hoyt and Williams recently stated, ‘In spite of 
the apparent stability of iron carbide in the common 
carbon steels, in which it,is the active strengthening and 
hardening constituent, it has a definite, although usually 
slight tendency, to change to the more stable form of 
graphite.’’? 

A logical theory regarding the precipitation of carbon 
(graphite) in steam piping subjected to fluctuating tem- 
peratures was presented before the A.S.T.M. in 1944 by 
F. B. Foley.'* His theory was based upon the slope 
of the solubility curve of the alpha phase of the iron- 
iron carbide diagram together with the composition of 
the alpha phase (ferrite) with respect to aluminum or 
silicon or both. 

It has been shown by Fink and Smith that in precipita- 
tion-hardening alloys of the duralumin type, precipita- 
tion of the CuAl, upon aging will always occur prefer- 
entially along slip planes resulting from any plastic defor- 
mation, before general precipitation occurs. 

In this respect, it is to be pointed out that the solu- 
bility curve for the aluminum-rich solid solution in the 


owe 


Fig. 14—Partial View of Fig. 13, at Higher Magnification, Show- 

ing Structural Detail of Area in Which Graphite Was Redis- 

solved and Reprecipitated as a am Phase During Welding. 
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aluminum-copper system is qualitatively the same as the by Winlock and Leiter “‘to occur as a result of the up. 
solubility curve of the alpha phase in the iron-iron even and nonuniform flow of metal at the yield point, 
carbide system. caused by the sudden transition of different grains o, 
'  Luders’ lines, or “‘stretcher strains’ have been stated groups of grain from the elastic to the plastic state,” 
They further state, ‘‘Luders’ lines occur in the range of 
rae corresponding to an elongation of 1.5 ty 

10%.” 

On the basis of the foregoing it is believed that slip- 
plane graphitization is initiated by localized yielding or 
plastic deformation along slip planes with the formation 
of Luders’ lines or stretcher strains. In the cag 
under discussion major slippage occurred along planes of 
maximum shear stress. In Fig. 1 it is to be noted that 
the slip-plane graphitization is located along the pipe 
length just outside of the 30° bend. It is postulated 
that although this bend was made hot, a sufficient load 
was applied in making the bend to produce a critical 
strain (1.5 to 10% elongation) in the cold pipe just out- 
side of the hot-bent region. This bend was subsequently 
furnace-stress-relieved at 1150 to 1200° F. before in. 
stallation. This temperature was apparently too low 
to remove the effects of previous strain, in fact it is 
suggested that the stress-relieving temperature may have 


in Fig. 15. 
15—Gross Segregation of Nodular Slip-Plane Graphitiza- Fig. 16—Size and Detail of “— Nodules Shown in Fig. 


tion. X 100 
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initiated actual submicroscopic graphitization along the 
planes which received localized plastic deformation by 
virtue of the increased solubility of carbon in alpha iron 
at the stress-relieving temperature, followed by graphite 


| precipitation upon cooling in accordance with the theory 


S advanced by F. B. Foley. 


Just why graphite, or for that matter any precipitating 
phase, should precipitate preferentially along planes 


| which have been plastically deformed is not too clear, al- 


though it is suggested by Smith and Brambir that it is 
due to a greater ease of nucleation of the precipitating 
phase in the plastically deformed regions.'* 

After nucleation of graphite once occurs, its continual 
growth along either slip planes or isotherms appears quite 
logical. It is believed, however, that temperature 


| fluctuations in a steam line will result in graphite pre- 


cipitation only at those locations where a graphite nu- 
cleus or a strong graphite nucleating effect is present. 
It is believed that temperature fluctuations will other- 
wise result only in the solution and reprecipitation of 
iron carbide. During this time, however, diffusion of 
the carbide from the carbide-rich areas toward the ferrite 
areas, which are low in carbon owing to the slow but con- 


a * >. 
ye 
Fig. 17 
1. 17—Growth of Graphite in Regraphitized Joint 4-2 After 
Two Years of Service. < 600 
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tinual precipitation of graphite at the graphite nuclei, is 
taking place. 

As the graphite nodules grow in size the surrounding 
ferrite becomes depleted of carbon. The ferrite around 
the graphite nodules can therefore only precipitate 
graphite upon each cooling cycle as fast as the carbon in 


Fig. 18—Luders’ Lines on Back of 8-In. Pipe After Cold Bending 
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the alpha iron (ferrite) can diffuse from the carbide-rich 
areas to the ferrite surrounding the graphite. 

Based upon the foregoing assumptions, the rate of 
graphite precipitation for a given set of temperature con- 
ditions would appear to depend upon the number of 
graphite nuclei present and the rate of diffusion of car- 
bon in alpha iron. This is in general agreement with the 
postulation made by Smith and Miller who stated, ‘‘Con- 
ceivably, then, graphite in a limited region could bring 
about, in time, the substantial depletion of carbide 
within an entire specimen.” 

Contrary to the belief or implied belief by many that 
graphite forms directly from the carbide (FesC) phase 
due to the higher carbon content of this phase as com- 
pared to the alpha phase (ferrite), it is believed by the 
authors that the mechanism by which graphite precipita- 
tion occurs is through the gradual solution of cementite 
in ferrite followed by the precipitation of graphite from 
the ferrite. 

As additional evidence that the slip-plane graphite 
shown in Figs. 4 to 7, inclusive, was nucleated along 
planes where localized plastic deformation had occurred, 
Fig. 18 is presented. This illustration was taken from 
the work of William Hovgaard,” and was brought to the 
attention of the authors by Messrs. McCutchan. and 
Crocker, of The Detroit Edison Co. Figure 18 shows 
a cold-bent 8-in. pipe which has a stress pattern identical 
to the slip-plane graphitization pattern shown in Fig. 7. 
The pattern on the pipe in Fig. 18, however, is formed by 
Luders’ lines which resulted from localized plastic defor- 
mation during cold bending, whereas the pattern shown 
in Fig. 7 is slip-plane graphitization which was nucleated 
and grew along Luders’ lines which also resulted from a 
critical amount of plastic deformation during the original 
bending of this pipe. 

Assuming therefore that a material is susceptible to 
general graphitization, and the service temperature is 
adequate to obtain graphitization, it is suggested that 
slip-plane graphitization may be encountered in the 
following locations of critical strain: 


1. Entire bend if the bend were made cold without 
subsequent full heat treatment. 

2. Cold ends of hot bends if not subjected to subse- 
quent full heat treatment. 


The latter postulation, however, has not as yet been 
verified, although two bends similar to that shown in 
Fig. 1 have since been removed for examination. 


New Theory Suggested for Nucleation of Graphite 
at-Contact Zone of Welded Joints 


It is believed that reasonably good evidence has been 
presented to show that localized yielding or plastic flow 
has a strong graphite nucleating effect. Once graphite 
nuclei have been formed it has been theorized that the 
graphite will grow through the solution of cementite 
(FesC) in ferrite, followed by graphite precipitation 
from the ferrite. 

The mechanism of the growth of isotherm graphite, 
formed at the extremity of the heat-affected zone of 
welds, is believed identical to that of slip-plane graph- 
itization. The condition or agent which causes graphite 
nucleation at the contact zone adjacent to welded joints, 
however, has not been too clear. It is now suggested 
that isotherm graphite is also nucleated by stress, 
although of a somewhat different nature. 

Whereas, slip-plane graphitization is believed to be 
nucleated by plastic flow from an externally applied 
load, isotherm graphitization is believed to be nucleated 


148-s 


WELDING RESEARCH SUPPLEMENT 


by self-compensated stresses . known as ‘‘tessellated 
stresses.”’ 

The work of Dr. F. Laszlo on tessellated stress was 
brought to the attention of the authors by C. H. Davy.* 
18—22 

Although Dr. Laszlo approaches the subject of tes- 
sellated stress mathematically, the following extract 
which qualitatively defines the subject, is taken from 
his work: ‘‘Anisotropy of the single crystals of most ma- 
terials and the difference between the bulk physical 
properties of the components of compound solids readily 
cause internal self-compensated stress systems to de- 
velop around such centers as crystals or components of 
the compound structure, respectively. These self-com- 
pensated stress systems are called tessellated stresses.” 

One of the first conclusions drawn, after the examina- 
tion of the pipe failure at the Springdale Power Station, 
was that the failure occurred at the Widmanstatten grain 
boundaries at a distance from the weld where the tem- 
perature from the welding was just sufficient to cause 
grain-boundary transformation.t It was also this loca- 
tion where grain-boundary graphite of the “chain” 
type was located and which was the basic reason for 
failure. 

Just outside of the heat-affected zone the metal struc- 
ture consists of iron carbide or complex iron-molybdenum 
carbide, embedded in a matrix of alpha iron (ferrite) 
whereas, just within the heat-affected zone a portion of 
the alpha iron goes through a phase change to gamma 
iron, simultaneously absorbing the carbide phase or as 
much of it as time will permit under the short heating 
cycle during welding. Rapid cooling of the heat-affected 
zone may result in the formation of minute amounts of 
martensite. There is present in the transition zone 
(zone of isothermal-graphite formation), therefore, 
alpha iron which has a body-centered cubic lattice, iron 
carbide or complex iron-molybdenum carbide which has a 
complex lattice structure, austenite which has a face- 
centered cubic lattice, and martensite if formed, which 
goes through a transition structure of body-centered 
tetragonal and finally to a body-centered cubic lattice. 

Along the transition zone adjacent to a weld, therefore, 
numerous crystal structures, all of which have thei 
own physical constants and which are surrounded by 
each other, exist at one time or another during the weld- 
ing cycle. It is common knowledge that a considerable 
volume change occurs when alpha iron transiorms t 
gamma iron (austenite) and that upon rapid cooling 
such as occurs in welding the metal does not go back to 
its exact original dimensions. 

It seems quite reasonable to believe, therefore, that . 
system of self-compensated stress is developed arounc 
crystals or grains at the transition zone between the 
heat-affected and unaffected parent metal adjacent to ¢ 
weld, owing to the different physical constants and ai 
rectional properties of the several different crystal struc 
tures which exist at this location during the welding 
operation. 

It is therefore postulated that graphite 1s nucleated 11 
the contact zone adjacent to a welded joint by self-com- 
pensated stresses known as tessellated stresses. 


Summary 


1. The term slip-plane graphitization has been choses 
to describe a condition of graphite segregation — 
appears unquestionably to have occurred along Baas 
planes where local yielding or localized plastic deform: 
tion had previously occurred. 


* Chief Research Engineer, Babcock & Wilcox, Ltd. his approxi 
+ This is known as the lower critical temperature (Aci) which | , 
mately 1350° F. for carbon-molybdenum steel. 


MARCH 


Ha 
VIC 
the 
flu: 


ma 


he 
it 
V 
q 
re 
0! 
oe 
Cé 
ake t 
is 
th 
tie 
st 
: sy 
fer 
of 
of 
4 
kn 
= 
| 
J 
4 
1a 
ot 
take 
rit 
d 
Sens 
Was 
of 
*A 


for 


1m 
te) 

of 
ma 

as 
ing 
ted 
; of 
one 
re, 
ron 
as a 
ice- 
1ich 
red 


ore, 
heir 
| by 
reld- 
able 
s 
ling 
‘k to 


jat a 
ound 
the 
to a 
d di- 
truc- 


Iding 


ed 
-com- 


hosen 
Ww hich 
slip 


yrma- 


pproxt 


[ARCH 


2. Slip-plane graphitization, unlike isotherm graph- 
itization which has been found to be reasonably uniform 
through the pipe wall and around the pipe circumference, 
varies markedly from O.D. to I.D. and from quadrant to 
quadrant around the pipe periphery. = 

3. Slip plane like isotherm graphitization (if severe) is 
readily visable to the unaided eye after machining or 
rough grinding. 

4. Gross segregation of ‘nodular’ graphite, whether 
of the isotherm or slip-plane type, is as effective as chain 
graphite in reducing the ductility of low-carbon or low- 
carbon-molybdenum steel. 

5. Substantial evidence has been presented to show 
that plastic deformation is an excellent nucleating agent 
for graphite of the slip-plane type. 

6. The mechanism of graphite growth of either the 
isotherm or slip-plane type is believed to occur through 
the solution of the carbide phase in ferrite, followed by 
the precipitation of graphite from the ferrite. 

7.. Having presented evidence to show that slip- 
plane graphitization is nucleated by stress, the postula- 
tion is made that isotherm graphite is also nucleated by 
stress. In this case, however, a self-compensated stress 
system is believed to be set up, resulting from the dif- 
ference in directional properties and physical constants 
of the several different crystal structures which exist in 
the transition zone adjacent to a welded joint at the time 
of welding. Self-compensated stresses of this nature are 
known as tessellated stresses. 
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The Aging of High-Tensile 


Summary 


OMMERCIAL high-tensile steels of the type St 44 
and St 52 may exhibit a high degree of brittleness 
a ~ to aging if they are not deoxidized with alumi- 
of hte ormalizing alone does not prevent the recurrence 
on aging. The investigation of samples 
be rom accidented welded bridges, which failed in a 
Canal “orm the Zoo bridge in Berlin and the Albert 
a ges in Belgium, has shown that the metal was 
me lig aging in all of them. Furthermore, there 
dt P € ev idence of plastic deformation in the samples 

© Albert Canal Bridge at the very location of frac- 


Abstracte; 


! by D. Rosenthal from VDI, 87 (Nr 1/10), 123 (March 6, 1943). 


Structural Steel’ 


By A. Fry and L. Kirschfeld 
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ture. 


This circumstance may be taken as a sufficient 
reason for the requirement of a nonaging steel for struc- 
tural purposes. 


Statement of Problem 


From the point of view of structural applications, it is 
important to have a suitable and single type of steel em- 
bodying the characteristics of the steel St 52. By analyz- 
ing the metallurgical possibilities in this respect the au- 
thors arrived at the conclusion’ that the existing require- 
ment of a higher yield point was justified only in excep- 
tional cases, namely, for parts with a small degree of 
slenderness, but that in the majority of cases the above 
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Table 1 


Steel Si Mn Pp Ss Cu Al (total) 
St 44—commercial 0.20 0.22 0.78 0.031 0.026 0.07 0.019 0.007 
St 44—nonaging 0.20 0.31 0.55 0.029 0.022 0.07 0.066 0.008 
St 52—commercial 0.21 0.47 1.33 0.033 0.016 0.45 0.03 0.006 
St 52—nonaging 0.18 0.50 1.20 0.036 0.016 0.45 0.08 0.007 
St 52—Zoo Bridge 0.21 0.77 1.10 0.020 0.011 0.48 0.022 0.010 
Albert Canal Bridge 
Upper girder: 
(a) web 0.11 Trace 0.51 0.049 0.025 0.037 0.009 
(b) flange 0.08 Trace 0.84 0.056 0.040 itt Is = 
Lower girder: 
(a) web 0.10 Trace 0.42 0.040 0.024 0.02 0.01 0.011 
(b) flange 0.12 Trace 0.45 0.029 0.023 0.06 wee —- 
Table 2—Mechanical Characteristics of Steel as Delivered 
Yield Point, Tensile Strength, Elongation, Reduction of 
Steel Direction Psi. Psi. % Area, % 
St 44—commercial Longitudinal 41,500 70,000 32.7 63.5 . 
Transverse 41,500 68,800 34.0 58.0 
St 44—nonaging Longitudinal 43,500 69,000 33.2 64.5 
Transverse 45,500 70,500 29.8 63.0 
St 52—commercial Longitudinal 51,100 87,000 29.9 64.0 
Transverse * 49,300 84,000 24.5 37.0 
St 52—nonaging Longitudinal 50,000 82,000 30.9 66.0 
Transverse 50,100 82,000 26.1 48.0 
St 52—Zoo Bridge Longitudinal 57,000 91,000 28.2 58.4 
Transverse 54,500 90,000 21.1 Pes 
St 37—Albert Canal Bridge, upper girder Longitudinal 38,500 59,000 37.3 63.8 
Transverse 37,000 60,500 36.5 59.1 
St 37—Albert Canal Bridge, lower girder Longitudinal 36,500 57,000 37.4 62.4 
Transverse 34,200 57,000 36.7 56.8 


requirement could be dispensed with without serious 
damage. By removing this requirement, however, one 
could do away with elements of foreign origin, like Cu, 
Cr, Mo, etc., whose main purpose is the boosting of the 
yield point. 

Accordingly, a recommendation was made for a Cu- 
free 1% Mnsteel. Experiments by Graf? seemed to give 
support to this recommendation. 

The above conclusion was based on theoretical consid- 
erations and experimental heats. It appeared, therefore, 
advisible to check the results, by making use of commer- 
cial steels. But before going into the description of the 
new tests, it was deemed necessary to recall briefly the 
main points of the argument in review. Previously 
the authors had proposed to adopt the impact notch test 
on aged specimen as an acceptance test for structural 
steel. Thus they have substituted the condition of non- 
aging for that of a higher yield point. 

The above proposal was justified as follows: The whole 
argument about the yield point lies in the assumption 
that the latter represents a limit which is not exceeded in 
service. But it is known that in practice the steel is al- 
most invariably stretched beyond the yield point, even 
though locally, either as a result of straightening and 
fairing during erection, or because the whole structure 
takes a permanent set. There can be little doubt that 
permanent set in rigid welded structures is associated 
with plastic flow. That this plastic flow eventually 
comes to an end is due to the cold working which the 
stressed parts undergo with a substantial (Translator!) 
increase of the yield point. 

Thus, local plastic deformation appears unavoidable; 
and it may be even desirable because of the redistribution 
of stress which follows, provided the steel is of such a 
quality that its toughness is not impaired by the deforma- 
tion, 

In this respect the steel is superior to other structural 
materials, for in the former the overstressed part becomes 
stronger after deformation, whereas in the latter the re- 
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verse is generally true (for example, reinforced concrete). 
This condition, however, holds only if the plastic de- 
formation does not entail increased brittleness by aging. 
Therefore, the requirement for nonaging characteristics 
of structural steel appears justified. 


Table 3—Notch-Impact Results 
Half Large Charpy Specimen: 30 x 15 x 160 mm. 


Impact 


Values Aged 
in Per Cent 
Impact Values in Ft.-Lb. of Nor- 
As De- Normal- malized, 
Steel livered ized Aged Per cent 
A. Rolling Direction 
St 44—with Al 354-395 66 
St 44—-without Al 280 327 182 55.9 
St 52—with Al 354 525 395 79 
St 52—without Al 336 395 230 58 
Steel from Zoo Bridge 197 295 148 50 
Steel from Albert Canal 
Bridge: 
(a) Upper web center 329 312 19 f 
(b) Upper web edge 340 328 19 0. 
(c) Upper flange 410 540 33 6.1 
(d) Lower web center 280 295 16 5.4 
(e) Lower web edge 280 295 16 o : 
(f) Lower flange 197 440 24 o 
B. Transverse to Rolling . 
St 44—with Al 262 325 212 bo 
St 44—without Al 213 220 115 ol 
St 52—with Al 164 212 115 of 
St 52—without Al 131 164 90 a 
Steel from Zoo Bridge 98 131 66 v 
Steel from Albert Canal 
Bridge: 
(a) Upper web center 245 240 24 cr 
(b) Upper web edge 262 245 24 . 
(c) Upper flange es 
(d) Lower web center 200 245 20 
(e) Lower web edge 230 230 20 12 1 
(f) Lower flange 150 132 16 geoet 
MARCH 


2 


I 
gin 
wit 

7 
ace 
610 
att 

we! 
(1.§ 
thic 
thic 

wel 
non 
whi 

( 
ter 
ang 


Fi 


/ 

3 

F 
I 
= 
an 
re 
safe 
on 

i 
list 

ma 

in 

l 
— 

Why 

1947 

50-s 

— 


if 


Fig. 1—Flow Lines in the Flange of Albert Canal Bridge. Fry 
Reagent 


Inasmuch as the smallest plastic deformation causes 
an increase in yield point which is well above the values 
prescribed by the acceptance tests, the latter bear little 
relation to the true conditions of loading. 

Conversely, the fact that high-tensile steels fulfill the 
requirements of the acceptance tests does not make them 
safer, for as shown previously,’ they may become brittle 
on aging, if they are not deoxidized with aluminum. 


Material 


The experiments were carried out on the material 
listed in Table 1. The mechanical characteristics of this 
material are shown in Table 2. The steels were supplied 
in the following dimensions: 


1. St 44 in bars of 400 x 30 mm. (15.8 x 1.185 in.) 
cross section. 

2. St 52 in bars of 350 x 30 mm. (13.8 x 1.185 in.) 
cross section. 


Both types of steel were of basic Siemens-Martin ori- 
gin, and in both cases a part of the heat was deoxidized 
with Al to achieve the nonaging characteristics. 

The steel St 52 (marked ‘‘Zoo’’) was secured from the 
accidented Zoo Bridge in Berlin in the form of a flange 
610 x 70 mm. (25 x 2.87 in.) with a small piece of web 
attached by means of fillet welds.* 

The pieces from the accidented Albert Canal Bridge 
were parts of upper and lower girders, flanges: 46 mm. 
(1.89 in.) thick for the upper girder, 16 mm. (0.63 in.) 
thick for the lower girder; webs: 18 mm. (0.71 in.) 
thick for both girders.‘ 

The chemical analysis shows a composition which is 
well within the accepted limits. Characteristically, the 
nonaging steels have an Al content of about 0.07-0.08%, 
while in the aging ones the Al does not exceed 0.03%. 

On the other hand, the nitrogen content, which was de- 
termined by the Kjeldahl method (dissolution in acid 
ang titration of ammonia) is nearly the same in all steels. 
Thus, the addition of Al had-no influence on the nitrogen 


Fig. 2—Segregation in a Joint of Albert Canal Bridge. Ober- 
hoffer Reagent 
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content determined as above, but only on the total 
amount of Al content. 

The mechanical characteristics in the longitudinal as 
well as transverse directions with respect to rolling are 
well within the limits prescribed by the acceptance tests 
of the German Railways. 


Experimental Procedures 


The purpose of the research was to investigate whether 
the steels under review would exhibit a tendency toward 
brittleness in the course of time after they had been plas- 
tically deformed. More specifically, it was intended 
to check the beneficial influence of the deoxidizing prac- 
tice on aging. The steels were investigated in the fol- 
lowing three conditons: 


1. As delivered—to test their toughness before and 
after they had been in service. 

2. Normalized (heated above Ac;, cooled in still air)— 
to have the best possible practical values of 
toughness. 

3. Aged after normalizing—to obtain the maximum 
degree of brittlIness to which the structure may 
be submitted, when overstressed, even though 
locally. 


Fig. 3—Segregation in the Flange of Zoo Bridge. Oberhoffer 


Reagent 


The susceptibility to aging was tested by submitting 
samples of steel, prior to machining the impact specimens, 
to a permanent deformation ranging from 7 to 10%, 
according to the strength of the steel, and heating at 
250° C. (482° F.) for '/2 hr. 

It may be argued that in practice the deformation 
never exceeds 0.2 to 2%, and therefore the results would 
not be as harmful as when testing samples which would 
have been deformed permanently from 7 to 10%. 
This argument overlooks the fact that the severity of 
notch in actual structures may be far greater than 
in the Charpy specimens employed below. Therefore, 
a greater amount of deformation must be applied to the 
latter in order to produce the same effects as in the 
former. That even small amounts of deformation may 
be harmful is evidenced by the intercrystalline corrosion. 
On the other hand, the Charpy specimen is easy to ma- 
chine, and since 7 to 10% of plastic deformation is apt 
to reveal the susceptibility to aging in the latter without 
ambiguity, there is no need for a more severe type of 
notch responding to a much smaller amount of plastic 
deformation. 

The experimental procedure for the testing of the sus- 
ceptibility to aging was that prescribed for pressure ves- 
sels. The specimen was in the form of a bar 15 x 30 x 
160 mm. (0.59 x 1.18 x 6.3 in.) with a keyhole notch of 
2 mm. (0.079 in.) radius and 15 mm. (0.59 in.) deep. 
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The specimens were machined with the larger face 
parallel to the surface. The mill scale was removed to 
avoid the effect of surface irregularities. 

The impact tests were performed at room temperature, 
as a rule in duplicate, but sometimes on 3 or 4 specimens. 
The scattering was small. 


Results 


Table 3 summarizes the results of impact tests. They 
show that the heats of steel St 44 and St 52, which have 
not been deoxidized with aluminum, are greatly (? Trans- 
lator) embrittled by aging. Specimens machined trans- 
verse to the rolling direction are twice as weak in the aged 
condition as specimens machined parallel to this direc- 
tion. These results are in agreement with those previ- 
ously obtained on experimental heats of steel 52.1 On 
the other hand, the beneficial effect of the deoxidation 
with aluminum is also apparent in the case of commer- 
cial heat. And finally, the results show that the normal- 
izing treatment applied prior to aging has little influence 
on the brittleness caused by aging. 

It has been claimed*® that normalized, fine-grained 
steels exhibit good notch impact resistance even at low 
temperature. But the fine-grained steels under review 
were nothing else but steels deoxidized with aluminum, 
and those steels have been shown previously to possess a 
fine grain in the McQuaid-Ehn test. 

To be sure, the normalizing treatment can improve 
the notch-impact characteristics, but it is not as safe as 
the deoxidation treatments with Al if complete immunity 
against aging is to be obtained. The results of Wasmuth 
tests have shown also that the deoxidation of commercial 
high-tensile structural steels is practicable. 

The samples of steels taken from the damaged bridges 
show a marked tendency toward “age brittleness.”’ 
The sample from the ‘‘Zoo’’ bridge is even more sensitive 
to aging than the steel St 52 made without addition of Al. 
The steel from the Albert Canal bridges is unquestionably 
a rimmed nonkilled steel as evidenced by the flow lines 
and segregations, Figs. 1 and 2. This steel is highly 
sensitive to “age embrittlement,” as shown by the low 
impact values in the longitudinal as well as transverse 
directions. 


Metallographic Examination 


Grosse’ reports that small cracks in the heat-affected 
area of the arc-welded steel St 52 are practically unavoid- 
able because of quenching. In the present work, such 


cracks were effectively discovered when examining the 
sample from the Zoo Bridge. However, as shown by 
Grosse, these cracks do not propagate, provided the 
base metal is tough. But if the base metal is aged, ever 
though locally, then there is danger of failure, which 
under circumstances may be quite sudden. The average 
Vickers hardness of the base metal was about 170, but it 
reached a value of 290 in the heat-affected area and the 
Oberhofter’s etching solution revealed a segregated struc- 
ture in the flange, Fig. 3. 

From the report on the accidents of the Albert Canal 
bridges, it is known® that in four out of five damaged 
bridges the crack started at a welded joint between the 
vertical web members and the lower girder. The welded 
joint examined in the present work did not contain 
cracks, but the segregated structure of the base metal is 
plainly seen in Fig. 2. It was reported® also that by cut- 


ting through the weld relaxed stresses were measured 
far in excess of the yield point. 


Conclusion 


The accidents of the Albert Canal bridges represent a 
case in point for the argument developed in this paper 
For one thing, the steel was very sensitive to age brittle. 
ness, even though exhibiting excellent characteristics in 
the as-delivered state. For another, it was submitted 
locally to stress far in excess of the yield point, as evi- 
denced by the flow lines, Fig. 1. Therefore, there was 
potential danger of cracking. The fact that the Charpy 
impact values in the as-delivered condition were satisfac- 
tory does not contradict the above conclusion, for the age 
brittleness in this particular type of Charpy specimen 
appeared ony at 7 to 10% plastic deformation. How- 
ever, in practice smaller amounts of plastic deformation 
may prove already fatal. The brittle fracture ex- 
hibited by the welded Albert Canal bridges is in agreement 
with the performance of the aged impact specimens and 
not with that of the as-delivered impact specimens 
This indicates that notch-impact values in the as-deliv- 
ered condition do not reflect the behavior in service. 
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Cold Cracking in the Heat- 
Affected Zone 


By C. B. Voldricht 


Abstract 


The nature of cold cracking in the heat-affected base metal of 


metal-are welds in steels, and the influence of two factors—steel 
properties and hydrogen from welding electrodes—on the incidence 
of cold cracking, are discussed. 


The general concept of the behavior of hydrogen in metal-arc 


welds is presented along with data on the hydrogen-generating 


haracteristics of various types of electrodes. Data are also given 


on the influence on cracking of chemical composition and the dis- 
tribution of carbon and alloying elements in steel. 
of this knowledge for processing or heat treating steel to decrease or 
eliminate cracking tendency, without a reduction in the carbon 


The application 


ind alloy content, is discussed. Techniques for obtaining a reliable 


indication of the comparative crack sensitivity of steels are de- 


scribed. 


Introduction 


has made it possible to use metal-arc welding in 

the fabrication of primary steel structures, whose 
joints are required to perform at high efficiency. Today, 
this includes the high-strength structural steels and the 
hardenable alloy steels, and brings into sharp focus the 
problem of steel behavior during welding. Weldability 
was a problem even in the early hammer-welding and 
bare-wire-welding days, but joint-strength requirements 
and economic considerations then were not so restrictive, 
and it was possible to produce the specified result with 
less concern for steel quality. However, as the users and 
designers of welded steel structures began to take ad- 
vantage of the high-strength steels, and to specify higher 
elliciency welded joints, it became necessary not only to 
improve the weld metal, but also to give greater attention 
o the reaction of steels to the heat of welding. 

Broadly speaking, the know-how of welding the high- 
strength and hardenable steels was not developed in the 
laboratory ; it was acquired by trial and error, success 
and failure, in the shop and in the field. However, 
laboratory research, directed either along fundamental 
‘nes or to the solution of specific weldability problems, 
has provided much of the know-why, and has pointed the 
Way to more economical ways of using materials and 
methods in welding. As an example: one of the chief 
Weldability problems—hardening and cracking in the 
ieat-affected zone—can frequently be solved by using 
sufficient preheat, but in an increasing number of appli- 
ner us Preheat is either too expensive or is impractical to 
os — success and economy of the welding operation 
rc _ on the application of special techniques, and 
th be ro farer appreciation of basic factors which control 

¢ weldability of the steel. 

In its broadest sense, steel weldability is a complex 


“oncept, even for the plain-carbon mild steels. Among 


’ \HE development of covered welding electrodes 
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the important aspects of weldability (and their impor- 
tance varies with the job) are: fusibility of the base 
metal; compatibility of base metal with filler metal; 
influence of base metal on weld-metal properties; crack- 
ing in the weld and base metal; and structural changes, 
hardening and “embrittlement” of the base metal. For- 
tunately, it is a rare case when all of these factors need to 
be considered in the welding of a particular steel, because 
each is more or less related to a different welding process. 
For example: boiling and sparking of the base metal are 
problems in oxyacetylene and atomic-hydrogen welding, 
but seldom in metal-arc welding; hot cracking is en- 
countered in oxyacetylene welding, but less frequently 
in metal-are welding; cold cracking and excessive harden- 
ing in the heat-affected zone are found in metal-are weld- 
ing, but almost never in oxyacetylene or atomic-hydro- 
gen welding. 

In recent years, and especially during World War II, 
probably the most intensive research on steel weld- 
ability has been that concerning the heat-affected base 
metal in metal-arc welds. This research may be divided 
into three classes: (1) studies of the effects of ‘external’ 
welding-technique factors (e.g., cooling rates, joint re- 
straint) on the quality of the welded joint; (2) studies of 
“{nternal’’ weldability factors (e.g., chemical composition 
and structure of the base metal) on the quality of the 
welded joint; and (3) the study of welding-electrode 
fundamentals and the development of new electrode 
types, to improve weld-metal properties and to diminish 
the likelihood of cracking the heat-affected base metal. 

This paper presents data from several investigations 
conducted at Battelle Memorial Institute on the closely 
related problems of steel weldability and welding elec- 
trodes. Specifically, the data deal with the cold cracking 
(also called hard cracking, auto-cracking or underbead 
cracking) which takes place in the hardened portion of the 
heat-affected zone adjacent to metal-arec welds. This 
work has been done contemporaneously with similar re- 
search by other laboratories, in this country and in 
England; in its course and progress, valuable aid was ob- 
tained by the exchange of ideas with other investigators 
and the men who served on the steering and advisory 
committees for several of the Battelle and other projects. 


The Nature of Cold Cracking 


The heat-affected base metal adjacent to a metal-arc 
weld in steel consists, fundamentally, of two zones. 
There is an inner zone, next to the weld, which was heated 
during welding to a sufficiently high temperature, for a 
long enough time, so that it austenitized fully or par- 
tially; during cooling, it transformed into a ferritic prod- 
uct harder and stronger than the unaffected base metal. 
There is also an outer zone, which never attained the 
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Fig. 1—Cross Section of Weld Bead on !/;-In. SAE 4130 Steel 
Plate, Showing Toe Cracks (A) and Underbead Cracks (B). 
(Mag. 12x) 


transformation temperature, but which may have been 
heated sufficiently to reduce the hardness and strength 
of the base metal (if the base metal was initially in any 
but a full-annealed condition). 

Under unfavorable combinations of welding conditions 
the heat-affected base metal may crack during or soon 
after welding. This cracking is generally one of three 


kinds: 
1. 


3. 
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Separations resulting from defects such as lamina- 


tions and casting or forging flaws, or from a 
weakness of the material in certain directions 
(e.g., in thick rolled plates, the direction perpen- 
dicular to the plane of rolling). When this type 
of fracture occurs in the heat-affected zone, after 
the weld has cooled, it may be confused with the 
true cold crack described below. 


Cracking which takes place while the weld is still 


very hot, and usually while the joint is sub- 
jected to high stresses. This is hot cracking, 
intercrystalline in character, and associated with 
weaknesses between grains or dendrites. Hot 
cracks which form without subsequent ingress of 
air, which would discolor the cracked surfaces, 
are sometimes mistaken for cold cracks. 


Cracking which orginates only in the hard inner 


zone of the heat-affected area, after the metal 
has cooled below its transformation tempera- 
ture, or even several hours or days later. This 
type of cracking is transcrystalline; it is always 
associated with martensite in the inner heat- 
affected zone; and it does not require the pres- 
ence of external (applied and reaction) stresses, 
although these may help to initiate or extend cold 
cracks. 

On rare occasions, the inner heat-affected zone 
may fracture in service, because of the applica- 
tion of excessive or localized stresses at the weld 
joint, even though it is fairly certain (because of 
the specific welding conditions involved) that 
cold cracks were not present. This is simply a 
case of localized loading in excess of the strength 
and ductility of the metal, and should not be con- 
fused with true cold cracking, which is a phe- 
nomenon associated with the welding operation. 
(There is reason to believe, however, that many 
failures which are attributed to lack of ductility 
in the heat-affected zone are caused by the pres- 
ence of small, hidden cold cracks.) 
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Cold cracks have been found adjacent to all forms of 
metal-arc welds in steel—bead welds, fillet welds anj 
groove welds. The cracks may appear at the surface oj 
the weld joint; for example, the so-called toe crack (4 
Fig. 1) often starts asa cold crack in the heat-affected zone 
and then propagates into the softer metal under the 
action of welding stresses. Cold cracks may also remain 
hidden beneath the weld (B, Fig. 1, and Fig. 2): they 
lead to failure of the joint either during proof-loading, or 
in service. 

As stated previously, cold cracks start only in marten. 
site, and therefore they are encountered chiefly in the 
hardenable steels. However, even steels with a low car. 
bon content are susceptible to cold cracking, if other 
alloying elements are present in sufficient amount, and if 
the cooling rate after welding is rapid enough to cause the 
formation of martensite in the heat-affected zone. Be- 
cause cold cracks and martensite are linked together, the 
general belief has formed that this type of cracking js 
caused by the hardness and “‘brittleness’’ of the heat- 
affected zone (hence the term ‘“‘hard cracks’). This is 
only a half truth. Cold cracks can form only if the inner 
zone of the heat-affected area is hard; they will never 
form if the inner zone does not approach or attain the 
maximum hardness for a particular chemical composition. 
However, cold cracking is not a necessary consequence of 
excessive hardening; it is possible to weld a hardenable 
steel without cracking, even though the cooling rate is 
fast enough to produce a fully hard, martensitic, inner 
zone. On the contrary, martensite is a necessary conse- 
quence of the process which produced cracks. 

Nevertheless, until the causes of cold cracking were 
more clearly understood, the only safe and certain pre- 
ventatives were a slow cooling rate after welding (i.e., pre- 
heat, high welding current, slow welding speed, immed: 
ate postheat) or a reduction in the carbon or other alloy- 
ing elements in the base metal. Asa result of the researc! 
mentioned, two other useful remedies have now beet 
found, namely, new types of welding electrodes, and con- 
trol of the structure, or distribution, rather than the 
amount, of carbon and the alloying elements. These 
remedies are based on the concept that the governiis 
factor in the formation of cold cracks is hydrogen which 
diffuses into the heat-affected zone during welding, an¢ 


Fig. 2—Cross Section of Weld Bead on 1-In. 0.17" bo 
1.17% Manganese Steel Plate, Showing Underbest SX 
(Cold Cracks) in the Heat-Affected Base Metal. #9: 
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that the prevention of cold cracking is a matter of either 
reducing the availability of hydrogen or controlling the 
austenitization of the heat-affected zone (by means other 
than a slow cooling rate or reduced alloy content) so that 
the deleterious effect of hydrogen after welding is cir- 
cumvented. 


Hydrogen and Cold Cracking 


A significant step toward knowledge of the causes of 
cold cracking was the observation that it could be pre- 
vented, in the metal-are welding of hardenable ferritic 
steels, by using austenitic steel electrodes such as 18Cr-8 
Ni. The author does not know how this application of 
austenitic steel electrodes was first conceived; available 
reports indicate only that they were so used in Germany 
and Japan as early as 1934.” It is known that one ex- 
planation for the efficacy of austenitic electrodes was that 
the weld metal yielded sufficiently under the welding 
stresses to prevent over-stressing and cracking of the 
hardened base metal. This idea, however, did not fit in 
well with the observation that base-metal cracking was 
also avoided with bare or lightly coated ferritic electrodes. 


: Fig. 3—Evolution of Hydrogen from Weld Beads Made with 
Various Types of Covered Electrodes. (Mallett and Rieppel) 
(1): E 6010 electrode 


(2) and (3): Controlled-hydrogen ferritic electrodes 
(4): Austenitic steel (18-8) electrode 


As research in the welding of alloy steels continued, it was 
found that ferritic steel electrodes would not cause crack- 
ing when coated with the ingredients normally used on 
austenitic steel electrodes, and it was ultimately estab- 
lished that the principal factor was hydrogen in the weld- 
ing-arc atmosphere, generated by the combustible and 
water-bearing ingredients in the coatings. 
_The possible influence of hydrogen on base-metal 
Oe was first discussed, so far as is known, in 1938 by 
and Bottenberg,’ and in 1939 by Werner,' 
etw “ir investigations dealt with oxyacetylene welding. 
ane 1938 and 1944, most published reports on the 
alloy steels during are dis- 
1€ influence of factors such as transformation 
esses, thermal stresses and creep; hydrogen was not 
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HYDROGEN IN ARC ATMOSPHERE, PCT. BY VOL. 


Fig. 4—Relation Between Hydrogen in Ferritic Weld Metal and 
Hydrogen Available in Arc Atmosphere. (After Mallett 
and Rieppel) 


considered as a principal factor. In particular, the work 
of Rollason, Hanson, Cottrell, Winterton, Wheeler and 
Crowther.” provided valuable data on some of the 
events in the formation of cold cracks. In 1939, the 
possible influence of hydrogen in welding was again 
brought up, by Zappfe,* and in 1940 Zappfe and Sims* 
published a report on the behavior of hydrogen in steel, 
in which the relation between hydrogen and cracking was 
discussed at length. Intensive research on base-metal 
cracking, with particular attention to the influence of 
hydrogen, proceeded in this country and in England dur- 
ing the war; the numerous reports on these investiga- 
tions during the last three years, by Herres, Rollason, 
Hopkin, Hoyt, Sims, Banta and others,'*—!*. 2!-*8 have 
definitely demonstrated the role of hydrogen in cold 
cracking. 

The exact mechanism by which hydrogen produces 
cracking has not yet been fully established, but the gen- 
eral concepts are about as follows: 

1. Cold cracking is peculiar, with some exceptions, 
to weld joints made with electrodes which generate shield- 
ing atmospheres which contain large amounts of hydro- 
gen and water vapor, and which deposit ferritic weld 
metal. Typical electrodes of this kind are A.W.S. 
Classes E 6010, E 6011, E6012, E6013, E6020 and E 6030, 


* Private communication, see reference 7. 
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Fig. 6—Relative Hydrogen Content of Arc Atmospheres Pro- 
duced by Various Types of Electrodes. (Crack-Producing 
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as well as the higher strength varieties of these classes 
(E 70XX, E 80XX, etc.). 

2. The metal particles passing through the are from 
electrode to work absorb hydrogen from the are atmos- 
phere, and additional hydroge1. may possibly be ab- 
sorbed by the molten metal pool beneath the arc. 

3. Much of the hydrogen thus absorbed escapes from 
the weld metal as it solidifies. Some hydrogen, however, 
diffuses from the molten weld metal to the adjacent base 
metal, which has been austenitized by the heat of weld- 
ing, and in this state has a high capacity for hydrogen 
absorption. 

4. As the weld metal cools and transforms into the 
ferritic state, its capacity for holding hydrogen in solution 
diminishes; the gas continues to be given off from the 
surface of the weld metal into the air, and diffusion into 
the heat-affected zone also continues.* 

5. Thus, the base metal immediately adjacent to the 
weld becomes highly charged with hydrogen, particularly 
if the initial hydrogen content of the weld metal was very 
high, and if the weld metal, on cooling, must reject 
virtually all of its hydrogen.t 


6. If the base metal has a sufficiently high-alloy con. 
tent (C, Mn, etc.), the austenitized portion of the heat. 
affected zone may transform, during cooling, later thay 
the weld metal, despite the normal heat gradient from 
weld to base metal. Hence, the tendency for the con. 
centration of diffusible hydrogen in the heat-affected 
zone is enhanced during the period when the heat-affected 
zone is still austenitic and the wéld metal is already fer. 
ritic. 

7. When the austenitic zone in the heat-affected base 
metal transforms, its capacity for holding hydrogen js 
diminished because of the decreasing solubility with de- 
creasing temperature, and especially because of the 
change in the iattice structure of the metal. The pres. 
sure for hydrogen diffusion away from this zone is very 
great, but the opportunity for such diffusion is now 
limited, because the surrounding metal is in the ferritic 
state,+ and the generally lower temperature also deters 
rapid diffusion. 

8. The condition of a supercharge of hydrogen in the 
heat-affected zone is not, of itself, sufficient to produce 
cold cracks. It is also necessary that the transformation 
of the austenitized part of the heat-affected zone take 
place at a sufficiently low temperature to form marten- 
site; this happens under the proper combination of 
chemical composition of the base metal and cooling rate 
after welding. 

9. If the alloy content (C, Mn, etc.) of the austeni- 
tized heat-affected zone is not too high, or if the weld is 
cooled slowly enough, transformation takes place at a 
relatively high temperature, and the transformation 
product is not fully hard martensite. Under such con- 
ditions, the hydrogen in the heat-affécted zone would 
have opportunity to diffuse away from the zone of maxi- 
mum hydrogen concentration. Furthermore, the em- 
brittling effect of hydrogen on this transformation prod- 
uct is not so great as for fully hard martensite. 

* It has also been suggested that ferritic weld metal which is porous, or 
which contains relatively large amounts of nonmetallic inclusions, provides 
places for the absorbed hydrogen (atomic and diffusible) to collect as a 5% 
(molecular and nondiffusible).** It is a persistent observation that, other cor 
ditions being equal, cracking is less likely to develop under porous welds thas 
under sound, clean welds. 

+ If the weld metal is of the austenitic type (e.g., 18-8 or 25-20 Cr-Ni 
does not transform on cooling, and corisequently the decrease in capacity (°° 
hydrogen which attends a change in the crystal structure from face-center’ 
cubic to body-centered cubic does not occur. There is, therefore, less presse" 
upon the hydrogen to diffuse from weld to base metal. 

¢ In the case of austenitic weld metal (18-8, 25-20), the hydrogen cas," 
this stage in the cooling cycle, diffuse back from the transforming heat-aflect«! 
metal into the austenitic weld metal. This may explain why welds made w 
austenitic electrodes on hardenable steels do not have underbead cracks, ev 


though austenitic weld metal absorbs at least as much hydrogen from the 4 
atmosphere as ferritic weld metal. 
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PER CENT UNDERBEAD CRACKING 
Fig. 7—Hydrogen in Synthetic Arc-At- 
mosphere vs. Underbead Cracking. (Mal- 
lett and Rieppel) 
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Fig. 8—Influence of Heat Treatment Dur- 
ing Rolling on Crack Sensitivity of Some 
Experimental SAE 4135 Steels. 
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If, on the other hand, the alloy content of the aus- 


10. 
tenitized heat-affected zone is high, or if the cooling rate 
is rapid, transformation begins at a low temperature, say 
400-300° F. The transformation product is now very 
hard (fully martensitic) and is more susceptible to em- 


brittlement by the hydrogen in it. Furthermore, the 
hydrogen which is rejected on transformation at low tem- 
perature can less readily diffuse away from this area, and 
may therefore exert an additional pressure on the marten- 
site. 

11. Under the conditions given in item 10 above, the 
martensite in the heat-affected zone cracks, but the exact 
mechanism of cracking is not yet established. 

One hypothesis is that when the hydrogen is rejected at 
the low transformation temperature, and cannot diffuse 
readily, it collects as molecular hydrogen in minute voids 
and rifts in the martensite, and builds up sufficiently high 
gas pressures to rupture the metal. 


An elaboration of this hypothesis is that the tendency 
for cold cracking is greatly increased if the base-metal 
composition is such that areas of austenite are retained 
even when cooling is complete. If the pressure built up is 
high enough, hydrogen migrates to these austenitic areas 
from the surrounding transformed metal, producing in 
them a high hydrogen concentration. Consequently, 
when the retained austenite finally transforms, the ten- 
dency for cracking is magnified. 

Another hypothesis is that the hydrogen in the trans- 
formation product tends to embrittle it (without neces- 
sarily forming pockets of high-pressure molecular hydro- 
gen). If the transformation product is not fully marten- 
sitic, the hydrogen embrittlement is insufficient to result 
in cracking. If, however, the transformation product is 
fully hard martensite, the hydrogen in it exerts sufficient 
embrittling effect to result in cracking if the martensite 
is strained. 

12. It is obvious that the martensite will not crack, 
even if embrittled, unless it is sufficiently stressed to ex- 

‘eed its strength. Unfortunately, sufficient stress is too 
frequently present. First, there are the stresses arising 
from the volume change that takes place on transforma- 
tion. Second, there may be stresses produced by hydro- 
gen precipitating on certain planes in the space lattice, or 
in faults or discontinuities in the metal. Third, there are 
the stresses produced by the shrinkage of the weld metal 
when it freezes, and by the contraction of the weld and 
base metal during cooling. Fourth, there are the com- 
plex reaction stresses produced if the weld joint is not 
iree to move to accommodate the welding stresses. It is 
clear that most of these stresses cannot be eliminated, 
or even reduced in sufficient degree to circumvent crack- 
ing. 

To summarize the above, the four factors involved in 
the occurrence of cold cracking are: 


Hydrogen. 

Chemical composition and structure of the base 
metal. 

3. Cooling rate after welding. 

4. Stresses in the heat-affected zone. 


A critical combination of all four factors is required to 
produce cracking. As mentioned before, the stress factor 
's ever-present. Therefore, the formation of cracks de- 
pends chiefly on the other three. Hydrogen is the most 
arian if it is not present, typical cold cracking does 
and Pa regardless of the base-metal characteristics 
are fave ty. rate. If the base-metal characteristics 
tion wen le for low-temperature austenite transforma- 

drogen is present, cracking may be avoided 
the } ing down the cooling rate. If the alloy content of 

ase metal is low, the tolerance for hydrogen is 


l, 
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COLD CRACKING IN HEAT-AFFECTED ZONE 


greater, and the cooling rate may be more rapid without 
causing cracking. 

Having explained the present position on hydrogen, 
and to some extent how it operates in the formation of 
cold cracks, some of the recent findings on the sources of 
hydrogen and methods for its control, and on the cracking 
characteristics of various types of steel, will be discussed. 


Hydrogen in Arc Atmosphere and Weld Metal 


As a first step in the consideration of the effect of hy- 
drogen on cold cracking, it is desirable to demonstrate 
the presence of hydrogen in weld metal and to determine 
the quantities of hydrogen that different weld metals can 
hold. Figure 3 shows four weld beads which were de- 
posited simultaneously on small mild-steel plates, 
quenched in water immediately after welding, quickly 
cleaned, and immersed in a container filled with carbon 
tetrachloride.* When the photograph was taken, the 
welds were about 5 minutes old. Weld No. 1, made with 
an E 6010 (cellulosic) electrode, gave off a stream of tiny 
hydrogen bubbles at about the rate shown in the photo- 


* Hot de-aired water, glycerine or a light oil is also satisfactory for this pur- 
pose, but the hydrogen bubbles stick to the metal until quite large, and do not 
rise to the surface in the fine cloud best suited for photography. 


Fig. 10—Weld Specimen for Single-Bead Crack-Sensitivity 
Test, Showing eemmenes — to Expose Underbead 
rac 
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graph for almost an hour, and hydrogen evolution con- 
tinued at a decreasing but visible rate for more than 12 hr. 
Welds Nos. 2 and 3, made with electrodes covered with a 
lime-type coating which is low in hydrogen-forming con- 
stituents, evolved hydrogen at a very slow rate, barely 
visible in the photograph, but hydrogen evolution also 
continued for over 12 hr. Weld No. 4, made with a 
lime-coated austenitic steel electrode (18-8), gave off 
only a few hydrogen bubbles from the crater at the be- 
ginning of the test, and there was no further hydrogen 
evolution. (This does not mean that the austenitic weld 
metal contained little or no hydrogen; subsequent tests 
showed that austenitic weld metal contains large quanti- 
ties of hydrogen, even though the arc atmosphere con- 
tains relatively little. Since the weld metal does not 
transform on cooling, it suffers no sudden drop in its 
capacity for holding hydrogen in solution, and there is no 
evolution at room temperature.) 

If specimens similar to those shown in Fig. 3 are pre- 
pared under closely controlled welding conditions and 
time cycles, it is possible to obtain a rough approximation 
of the volume of hydrogen in weld metals deposited by 


1.60 


099 


Fig. 11—Typical Cellulose-Tape Transfer Record of Magna- 

flux Indications of Underbead Cracks. (Figures at Right 

Indicate Length of Bead from Start to Center of Crater, Total 

‘Length of Underbead Cracks and Per Cent of Bead Length 
Cracked) 
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various types of electrodes. This is done either by collect. 
ing the evolved gas over mercury, at room temperature, 
or by extracting it at a higher temperature in a vacuum. 
collection apparatus. The approximate composition of 
the shielding atmospheres generated at the welding arc 
can also be determined, and the relation between the 
hydrogen in the arc atmosphere and in the weld metal can 
be obtained for different types of electrodes.*.2* Figure 
4 shows this relationship for a group of commercial and 
experimental ferritic electrodes with coatings that gen- 
erate different amounts of hydrogen. The graph indicates 
that the quantity of hydrogen absorbed by ferritic weld 
metals increases with the concentration of hydrogen in 
the arc atmosphere. 

The rate of evolution of hydrogen from different weld 
metals at different temperatures is shown in Fig. 5 (each 
curve is the average of two tests). The samples used were 
weld-bead specimens similar to those illustrated in Fig. 3, 
and the measurement of hydrogen evolution began about 
1 min. after the weld had been finished. During the first 
24 hr., the specimens were held at room temperature in 
inverted graduated glass tubes filled with mercury, and 
measurements of the gas which collected at the top of the 
tubes were made at frequent intervals. At 24 hr., the 
specimens were placed in a vacuum-extraction apparatus, 
rapidly heated to 1200° F., and the rate of hydrogen evo- 
lution was determined by differential-pressure measure- 
ments. After 24 hr. at 1200° F., the tempera- 
ture was raised to 1900° F., and gas-evolution measure- 
ments were continued for another 48 hr. (During the 
1200° F. period, and particularly during the 1900° F 
period, the specimens evolved a considerable quantity of 
carbon monoxide, and some nitrogen, in addition to the 
hydrogen. It was therefore necessary to analyze th 
collected gas, and to correct the readings for hydrogen 
evolution.) 

All of the ferritic weld metals (E6010, E 6020, E 6015 
“A,” and E 6015 “‘B’’) had the same evolution character 
istic; rapid release of hydrogen at room temperature 
during the first 2 or 3 hr., with virtual cessation at 24 hr.; 
a second smaller wave of hydrogen evolution, for about 
an hour, when the welds were heated to 1200° F.; and a 
third very small wave of hydrogen evolution at 1900° F 

The austenitic weld metal (18-8) evolved almost no 
hydrogen at room temperature, but a very large amount 
was rapidly evolved when the weld was heated to 1200° I 
This is especially significant because the arc atmospher 
of this electrode was very low in hydrogen (about 7" 0) 4s 
compared with the E 6010 and E 6020 electrodes (about 
40%). Even though the hydrogen content of the weld 
metal is high, this type of electrode normally does 10 
produce underbead cracking. A possible reason for this 
has already been given. (It is not yet clearly understood 
why austenitic weld metal yields a much greater qual 
tity of hydrogen, even though its arc atmosphere 1s low 
in hydrogen, than ferritic weld metal. At the time 
metal transfer across the arc, and in the molten met 
pool, both types of metal are austenitic, and should there- 
fore absorb similar volumes of hydrogen. Probabl) the 
nickel in the austenitic weld metal, having a relatively 
great affinity for hydrogen, is partly responsible. It » 
also probable that very large quantities of hydrogen 24 
lost by ferritic weld metals during solidification and tra" 
formation, before the hydrogen-evolution measuremen'> 
can be started, while austenitic weld metals lose much 
less hydrogen before measurement begins.) on 

The difference in the total hydrogen content 0! as 
E6010 and E 6020 welds, in comparison with the E 6” : 
“4” and E6015 “B” welds, is of sufficient magnitude.” 
make the E 6010 and E 6020 electrodes crack a 
while the E 6015 electrodes normally produce 10 © 
cracks. 
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The two low-hydrogen electrodes produced weld 
metals with somewhat different hydrogen contents. 
Electrode E6015 ‘‘A,” for example, generates an arc 
atmosphere with about 7% hydrogen and 11% water 
vapor (the chief sources being the coating moisture con- 
tent, 0.7% combined water and 0.5% free moisture). 
Electrode E 6015 ‘‘B”’ produces an arc atmosphere with 
about 5% hydrogen and 6% water vapor (coating has 
0.5% combined water and 0.3% free moisture), and its 
weld metal contains less hydrogen. It is not known how 
important such differences in arc-atmosphere and weld- 
metal hydrogen are, with respect to the cracking charac- 
teristics of the two electrodes on various steels. Under 
ordinary welding conditions, neither of them causes 
cracking in alloy steels. With extremely rapid cooling 
rates and a high-alloy steel, there was an indication that 
Electrode E 6015 “A’’ can cause some cracking. 

The E 6010 and E 6020 electrodes used in the tests of 
Fig. 5 generated arc atmospheres with about the same 
percentage of hydrogen (although the E6020 electrode 
generates less gas per inch of electrode). It is therefore 
puzzling that the hydrogen content of their weld metals 
should be so different. Additional study of this dis- 
crepancy is required. It is possible that the physical 
characteristics of the two weld metals (e.g., oxygen con- 
tent, inclusions, etc.) affect the degree of absorption and 
retention of hydrogen. The different arc characteristics 
of the two electrodes may also have an influence. 


Controlled-Hydrogen Electrodes 


As mentioned previously, two specific remedies for 
cold cracking in a steel are a slow cooling rate and a re- 
duction in the alloying elements. The most direct solu- 
tion, however, is to eliminate hydrogen from the welding 
operation, and it is plain that this is often the desirable 
solution, when preheat is either impracticable or costly, 
and when the composition of the steel cannot be adjusted 
to accommodate the welding engineer. In the past few 
years, a new class of ferritic electrodes has been de- 
veloped, whose principal feature is a coating with a mini- 
mum of hydrogen-forming ingredients. The chief im- 
petus came from designers and fabricators of structures 
made of high-strength, hardenable alloy steels such as 
armor plate. It was desired to find a substitute for the 
austenitic steel electrodes which had to be used in such 
welding, in order to conserve strategic alloys, and a weld 
metal was also desired which could be heat treated to 
give certain physical properties which could not be 
secured with the austenitic weld metals. 

The wartime development of controlled-hydrogen 
alloy steel electrodes was conducted for the Office of 
scientific Research and Development by a number of 
electrode manufacturers and fabricators of steel weld- 
ments, and postwar work on modifications of the elec- 
trodes is being continued in several laboratories. A re- 
lated project* was also conducted at Battelle to obtain 
'undamental information on the characteristics of ferritic 
electrodes having lime-type coatings, with emphasis on 
cold cracking and weld-metal porosity. The are atmos- 
pheres produced by various types of electrodes were 
analyzed,} and the relation of the arc-atmosphere com- 
positions to underbead cracking and weld-metal porosity 
were studied. Details of this work are given in a recent 
paper by Mallett and Rieppel.?* 

Mallett and Rieppel found that the volume and com- 
Position of the are atmosphere varied with the thickness 


*N.D.R.C 
trode Coatings Research Project NRC-76, ‘Development of Improved Elec- 
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STEELS IN ORDER OF INCREASING CRACK-SENSITIVITY 


Fig. 12—Range of Underbead Cracking in High-Tensile 
Carbon-Manganese Steels 


UNDERBEAD CRACKING, % 


of the coating, the nature of the ingredients and the 
moisture content. Typical values for different electrodes 
were as follows: 


Composition of Arc 

Atmosphere, % by Volume 
Total Arc Car- Car- 
Atmosphere, bon bon 
Ce./In.of | Water Hydro- Mon-  Di- 


Electrode* Electrode Vapor gen oxide oxide 
E 6010 219 16 41 40 3 
E 6013 254 17 37 42 4 
E 6020 143 20 42 34 4 
18-8T 115t jon 6 55 39 
Low-hydrogen 
lime-coated: 

“a 123 1 6 77 16 

“—" 115 6 10 77 7 

128 1l 50 32 


* 3/,,-in.-diam. core wire; coating thickness varies with electrode 
type. 

Lime-type coating. 

t No test made to determine water vapor in arc atmosphere; 
values are for dry gases only. 


Figure 6 shows the relative hydrogen content of the at- 
mospheres produced by these types of electrodes. It in- 
dicates that electrodes which produce atmospheres with 
a high-hydrogen content (30% or more by volume) will 
cause cold cracking on hardenable steels. Electrodes 
with low-hydrogen atmospheres, such as the stainless 
steel types, and the lime-coated ferritic steel types, pro- 
duce no cold cracking. It is significant that the criterion 
for a crack-inducing arc atmosphere seems to be the con- 
centration of hydrogen in the arc atmosphere rather 
than the absolute volume of hydrogen. For example, 
the E6012 electrodes shown in Fig. 6 generated little 
more hydrogen, per inch of electrode, than some of the 
lime-coated ferritic electrodes. However, the hydrogen 
concentration in the E 6012 atmospheres was about 40%, 
while in the lime-coated ferritic electrode atmospheres it 
was less than 20%. The water vapor in the atmosphere 
of the E 6012 electrodes was also greater. This difference 
was enough to put the E 6012 electrodes into the crack- 
inducing class. A more detailed exposition of this factor 
has been given in a paper by Mallett. 

The relation between hydrogen in the arc atmosphere 
and cold cracking was also demonstrated in a series of 
tests with lightly coated hollow electrodes. The coating 
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was sufficient to produce are stability, but produced 
virtually no hydrogen or water vapor. Mixtures of dry 
carbon dioxide, carbon monoxide and hydrogen were in- 
jected into the are through the electrode bore. The pro- 
portion of hydrogen in the synthetic are atmospheres 
was varied, and cracking tests were made on plates of 
hardenable alloy steel. Figure 7 shows the test results; 
the amount of underbead cracking varied directly with 
the percentage of hydrogen in the synthetic are atmos- 
phere. 

It will perhaps be remarked that no quantitative data 
have been presented for water vapor in the arc atmos- 
phere, except in the table above, and that thus far the 
emphasis has been on hydrogen gas. It is quite certain 
that water vapor, being a rich source of atomic hydrogen 
in the metal arc, has an important part in the story of 
hydrogen vs. cold cracking. It would be most desirable 
to know more about the relative concentrations of hy- 
drogen and water vapor in the are stream, but the tech- 
niques now available for the collection and analysis of 
are atmospheres are not suitable for such a study. Refer- 
ence to the paper by Mallett and Rieppel*® will show that 
the arc atmosphere discussed there, and in this paper, is 
in truth only the mantle of shielding gases around the 
arc, and not the atmosphere immediately surrounding the 
metal particles in the arc stream. It is believed, however, 
that the composition of the outer atmosphere reflects, in a 
useful degree, the composition of the inner atmosphere. 
The chief error probably is in the figures for water-vapor 
concentration. With the present technique, the hot 
outer arc atmosphere passes from the welding chamber 
through a smoke filter into a freezing tube, where most of 
the water vapor is collected, then through a drying tube, 
where the remaining fractions of water vapor are ab- 
sorbed, and then to the reservoir where the dry gases 
(hydrogen, carbon monoxide and carbon dioxide) are 
collected and measured. Most of the hydrogen, carbon 
monoxide and carbon dioxide probably came from the 
inner region of the arc atmosphere. Some of the water 
vapor collected in the freezing and drying tubes may also 
have come from this region, but probably a greater pro- 
portion (especially the ‘‘free moisture’’) was released from 
the electrode coating at some point above the end of the 
electrode. It seems incorrect, therefore, to give a com- 
position for an arc atmosphere which includes~a figure for 
water vapor computed from the moisture collected in the 
freezing and drying tubes. 

Bearing in mind the inaccuracies, it has been assumed 
that the dry hydrogen in the collected arc atmosphere 
gives a useful indication of the concentration of hydrogen 
in the arc stream (some of which undoubtedly came from 
the decomposition of water vapor), and that the water 
vapor in the collected atmosphere is principally from the 
more remote regions of the are and electrode coating. In 
this connection, the results of tests with many different 
types of electrodes have indicated that, so far as cold 
cracking is concerned, the important part of the water 
content of an electrode coating is any water generated 
during the decomposition of cellulose and similar com- 
pounds, and the combined water from ingredients such as 
asbestos and the silicate binders. The free moisture in 
the coating is, without a doubt, important with respect to 
the operating characteristics of the electrode and the 
porosity and strength properties of the weld metal, but 
its influence on base-metal cracking characteristics is be- 
lieved to be secondary. Recent work has shown that the 
influence of the water content on electrode behavior, and 
on weld-metal and base-metal properties, is a very com- 
plex subject. An attempt to discuss it at greater length 
would go beyond the scope of the present paper. 

There seems to be no hard and fast criterion for the 
minimum amount of hydrogen in an are atmosphere 
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which will cause underbead cracking. In a series of weld- 
ing tests with experimental electrodes which generated 
arc atmospheres containing 2 to 20% hydrogen, none 
produced underbead cracking, even under very drastic 
cooling conditions, on 1-in. plates of an alloy steel whose 
composition was 0.28 C, 1.69 Mn and 0.21 Mo. How. 
ever, all produced cracking on a higher alloy steel (0.45 C, 
0.70 Mn, 0.50 Mo, 1.20 Cr and 0.20 V) with the exception 
of the one with the lowest hydrogen (2%). This differ- 
ence in the behavior of different controlled-hydrogen 
electrodes was also demonstrated in welding tests on a 
0.90% carbon tool steel; with no preheat, an electrode 
with a relatively high hydrogen content produced cracks, 
while another, with appreciably less hydrogen, produced 
none. 

It is reasonably certain that electrodes designed to 
produce an atmosphere with less than about 20% hydro- 
gen will give satisfactory results on most of the alloy 
steels commonly welded, especially on the high-strength 
structural steels with relatively low alloy contents. The 
water-vapor contents of the arc atmospheres should also 
be low, but there are not now sufficient data to indicate 
the limiting values for water vapor. If it is necessary to 
weld a steel very high in alloying elements, a controlled- 
hydrogen electrode plus a mild preheat may give the de 
sired result, whereas with a conventional high-hydroger 
electrode (for example, an E 10010), even a very high 
preheat might not give full assurance that cold cracking 
will not occur. 

The low-hydrogen electrodes have two interesting and 
useful characteristics, in addition to their noncracking 
property. Steel vessels, welded with conventional varie- 
ties of hydrogen-generating electrodes and subsequently 
enameled, are subject to spalling of the enamel from the 
welds; it is believed that hydrogen evolved from the 
weld metal during the firing of the enamel destroys the 
bond. If the welds are made with low-hydrogen elec 
trodes, enamel spalling does not occur. The low-hydro- 
gen electrodes may also be useful in the welding of high- 
sulphur, free-machining steels, because the welds are free 
of the porosity that occurs when hydrogen-generating 
electrodes are used. Apparently, there is a reaction be- 
tween the hydrogen in the weld metal and the sulphur 
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\d- from the base metal which causes porosity, and which is grees of restraint. These tests showed that for a given 
red minimized when the hydrogen content of the weld metal set of welding conditions, the hardening of the heat- 
ne [fe islow. affected zone increased, in magnitude and depth, with the 
ie carbon and alloy content of the base metal. Quantita- 


tive data were also obtained on the influence of plate 


v0 Steel Composition and Cold Cracking thickness, preheat, heat input and heat treatments 
C =e after welding on the properties of the heat-affected zone. 
bass The effect of steel composition on cold cracking had Some of the tests afforded a rough measure of the in- 
lee. been demonstrated long before the mechanism of cold cidence of cold cracking, and showed that, like hardness, 
oon cracking and the important function of hydrogen were it increased with the alloying elements, or with increasing 
~ . understood. This was shown by experience in the shop cooling rate. The conclusion seemed obvious that there 
ode and, in the laboratory, by indentation hardness tests of isa simple and direct relation between cracking and the 
ks, weld sections, bend and tension tests of welded speci- hardening. We shall now turn to work which shows that 


mens, and by weld tests carried out under varying de- the problem is far more complex. 
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During the war years a new cold-cracking problem was 
encountered. There were numerous instances when 
different heats or lots of the same steel, with substan- 
tially the same chemical composition and hardening 
characteristics, exhibited widely different degrees of cold- 
crack sensitivity. The probability that a steel would 
crack during welding could not be consistently predicted 
from its chemical composition, and it was necessary to 
resort to preliminary welding tests of each heat or lot of 
steel, as it was received by the fabricator, to screen out 
the crack-sensitive material. Because of production 
schedules, such screening tests were impracticable, and it 
became necessary to investigate the causes of the erratic 
crack-sensitivity characteristics of these steels. 


Chromium-Molybdenum Aircraft Steel 


One instance of variable crack sensitivity came to light 
in joining thin sheet and tubing of S.A.E. 4130 steel; 
for example, in aircraft motor mounts. The results of 
an investigation of this problem, conducted at Battelle 
for the War Production Board,* have already been pub- 
lished,.?! but it is believed desirable to repeat some of 
the findings here, because of their importance to the 
story of cold cracking. , 

It was necessary to develop a welding test which would 
give a quantitative and reproducible index of cold-crack 
sensitivity, and which in addition would cause cracking 
in good steels, as well as in bad steels, in order that a true 
comparison of their cracking behavior could be made. 
This was done by inducing rapid cooling rates after weld- 
ing, to secure the maximum hardening effect, and by 
welding a sufficient number of identical specimens so that 
a reliable average result was obtained. A.W.S. Class 
E 6013 electrodes were chosen for the welding tests be- 
cause they were among those most widely used in aircraft 
structural welding. The degree of crack sensitivity was 
determined by measuring the surface length of toe cracks 
adjacent to a circular weld bead (see A, Fig. 1) on a small 
piece of the test steel. This length varied somewhat from 
specimen to specimen of a given steel, but the average 
length for 5 to 15 specimens gave a useful and reproduci- 
ble index of crack sensitivity. 

Crack-sensitivity tests were carried out on various 
commercial and experimental heats of S.A.E. 4130 steel. 
In general, cracking increased with the alloy content, but 
some of the commercial steels, with almost identical 
chemical compositions, had very different cracking ten- 
dencies. End-quench hardenability tests of these steels, 
as well as studies of microstructures and hardness sur- 
veys in the heat-affected zone, showed no significant 
differences. 

In subsequent work it was found that despite similar 
chemical composition and hardenability, the samples had 
appreciably different transformation characteristics un- 
der extra rapid heating and cooling conditions. With 
slow heating and cooling in the dilatometer, no appreci- 
able difference was observed in the critical point curves 
of the steels. However, with a very fast heating rate and 
short time at the austenitizing temperature, and a fast 
cooling rate (simulating the heating-cooling cycle of arc 
welding), crack-sensitive steels had a lower transforma- 
tion temperature, on cooling, than the nonsensitive 
steels. The presence of retained austenite was confirmed 
by X-ray diffraction tests of welded samples, which 
showed that in the heat-affected zone of the crack-sensi- 
tive steels, residual austenite was present several hours 
after welding. 

Crack-sensitivity tests were then made in which the 
cooling of the specimens, after welding, was arrested at 
various temperatures for various periods of time. It was 


* WPB Research Project NRC-514, “Improving the Welding Quality of 
High-Strength Low-Alloy Steels.” . 
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Fig. 15—Cross Section of Weld Bead on a 0.17% Carbon- 

1.17% Manganese Steel Plate (Annealed Condition), Show- 

ing Three Cold Cracks in the Heat-Affected Zone, Parallel to the 
Plane of Banding. (Mag. 50x) 


found that the amount of cracking was related formally 
to the conditions of the postheat treatment. For ex- 
ample, if a crack-sensitive steel was held at 300° F. for 
24 hr. after welding, and then cooled to room tempera- 
ture, no cracking occurred. If, however, the time at 
300° F. was only a few minutes, cracking took place, 
though not to the same extent as when complete cooling 
was allowed immediately after welding. These exper- 
ments showed that the cracking tendency runs exactly 
counter to the degree in which austenite transforms after 
welding and before cooling to normal temperatures. 

It had now been established that the crack sensitivity 
of the chemically identical commercial steels ran paralle! 
to their different transformation characteristics in 4 
rapid heating-cooling cycle. Since the difference in aus 
tenite transformation characteristics (and, consequently, 
cracking tendency) could not be attributed to any dil 
ference of alloying elements in the steels, attention was 
next centeréd on the structure of the metals. As met: 
tioned previously, microscopical examination of the 
steels, in the unaffected and weld-heat-affected cond! 
tions, had shown no interpretable differences in structure 
However, heat-treatment experiments with the commer 
cial and laboratory steels showed that, even with chemical 
composition kept constant, the structure of the stecs 
could be altered sufficiently to change the transformatio! 
characteristics (in a rapid heating-cooling cycle) “" 
crack sensitivity. For example, when the carbides ! + 
crack-sensitive S.A.E. 4130 steel were given a spheroids 
zation treatment by heating it at a subcritical tempe™® 
ture, the crack sensitivity was greatly diminished. = 
appeared that when the carbides were in a coarse, # 
glomerated state, their rate of solution and diffusion 
(austenitization) in the heat-affected zone, during - 
rapid heating period of arc welding, was relatively at 
consequently, the austenite in the heat-affected eo - 
not attain its maximum carbon and alloy content, 2m Ye 
cooling, transformed at a high enough temperature 
prevent cracking. 

However, it seemed very likely that the s« ution ite 
of the carbides and the characteristics of the wy 
transformation on cooling were not governed solely 5! 
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the carbide particle size. The spheroidization treatment 
reduced crack sensitivity, but if a spheroidized steel was 
normalized, the crack sensitivity did not revert to the 
original high level, even though the normalizing treat- 
ment had altered the carbides. The favorable austenite- 
transformation characteristics were still present, and it 
was thought that the carbide composition might be re- 
sponsible, as was suggested by work on certain titanium- 
treated steels. An analysis of the carbides in S.A.E. 4130 
steels which were rendered insensitive to cracking by cold 
working, followed by a subcritical anneal, showed that 
they contained an appreciable amount of chromium and 
molybdenum carbides, in contrast with steels not so 
processed, which contained principally the iron carbide. 
Furthermore, the amount of chromium and molybdenum 
carbides was not appreciably decreased by a subsequent 
normalizing treatment. Since chromium and molyb- 
denum carbides are known to dissolve more slowly, under 
given conditions of time and temperature, than iron 
carbide, the sluggishness of carbide solution during the 
welding of a specially processed and normalized steel is 
attributed in part to the presence of significant amounts 
of chromium and molybdenum carbides, and in part to 
particle size and distribution. 

It must be emphasized that the state of the carbon and 
alloying elements in the steel, and its relation to austenite 
transformation characteristics, would not have so pro- 
nounced an influence on crack sensitivity were it not for 
the rapid heating rate, and the short time at elevated 
temperatures, that obtain in arc welding. As one ex- 
ample, in some of the welding tests on '/,-in. S.A.E. 4130 
steel, the temperature of the base metal immediately ad- 
jacent to the weld rose from 1000° F. to the melting point 
in less than 1 sec., and dropped back to 1000° F. in about 
4 sec. Under such conditions, it is not surprising that 
seemingly insignificant differences in carbide composi- 
tion, particle size or distribution should have an influence 
on the carbon and alloy content of the austenite and on 
its transformation characteristics. 

With relatively slow heating times, the solution and 
diffusion of the carbides attain or approach completion, 
and the heat effect (hardening) is dependent principally 
on the average chemical composition of the steel. This is 
well demonstrated by a comparison of end-quench 
hardenability data for chemically identical steels which 
have different crack sensitivities.* The slow heating and 
long holding time at austenitizing temperature in the con- 
ventional hardenability test brings about a complete 
solution and diffusion of carbon, and the response to 
quenching is not influenced by the initial state of the car- 
bides and alloying elements. It is probable that this is a 
serious drawback of weldability tests in which the heat 
effect in the test specimen is produced by conventional 
heat-treatment methods (e.g., furnace or flame heating, 
iollowed by quenching at various rates, to obtain hard- 
hesses simulating those found in the heat-affected zone 
ot welds made under various welding conditions). 

. It is interesting that the intermediate spheroidizing or 
subcritical annealing treatment was not effective in de- 
“reasing cracking unless the steel had been deoxidized 
with sufficient aluminum to produce a residual aluminum 
‘ae (At least 0.05% acid-soluble aluminum is the 
ale amount.) The reason for this is not clear, but 
at oe showed that both residual aluminum and the 
treatment are necessary. This is 
ig. 8 for a series of experimental S.A.E. 4135 
ark made with the same chemical composition ex- 
pois ee varying amounts of aluminum. When the in- 

ne were hot rolled to '/s-in. sheet without intermediate 


See Fig. 3 reference 21, 


Carbon cont i iti 
of ntent of 0.35% was used 
ot crack Sensitivity in all of the test 


1947 


annealing, all cracked about 70%, in the standardized 
welding test, regardless of the residual aluminum content. 
When the same steels were given a subcritical anneal dur- 
ing the rolling process, the crack sensitivity decreased as 
the residual aluminum content increased. At an alumi- 
num content of about 0.10%, the cracking was less than 


40%. Experience has shown that commercial steels 


which show not more than this amount of cracking, in the 
relatively drastic welding test, can be welded under nor- 
mal production conditions without cracking. Figure 9 
shows that when the specially processed experimental 
steels were normalized, their strength was not affected by 
the residual aluminum content and the subcritical anneal 
during rolling. All had approximately the same tensile 
strength, but the crack sensitivity varied with the alumi- 
num content. 

To summarize, the investigation of the S.A.E. 4130 
steels showed that their crack sensitivity is dependent not 
only on the amount of carbon, manganese and other alloy- 
ing elements, but also on the type and condition of the 
carbides. The rapidity with which the carbides dissolve, 
during the short heating cycle of welding, affects the 
transformation characteristics of the austenite in the 
heat-affected zone. In turn, the behavior of the austen- 
ite, coupled with hydrogen absorption and cooling rate, 
governs the cracking tendency. 


Carbon-Manganese Structural Steel ° 


While carbon is the key element in the relationship be- 
tween steel composition and weldability, the other alloy- 
ing elements often govern the reaction of a steel to weld- 
ing, first, because of their own influence on the tempera- 
ture and rate of austenite transformation, and second, 
because of their influence on the distribution of the car- 
bon. In the case of the chromium-molybdenum steels, 
it was shown that the weldability level was influenced by 
the size and composition of the carbides; even though the 
carbides might be uniformly dispersed (as after normal- 
izing), the reaction of the steel to welding depended on the 
ease of solution of the carbides during the short time at 
high temperature. There is yet another microstructural 
condition, which probably can exist in many types of 
steel, where the influence of carbon on the character of 
austenite transformation, and on the weldability level, is 
critical only when one or more of the other alloying ele- 
ments are present in a certain state. 

A noteworthy example is a killed, low-carbon medium- 
manganese steel (typical composition 0.15-0.18% C, 
1.15-1.25% Mn, with small additions of vanadium, 
titanium or both). The total alloy content of this type of 
steel, and its hardenability, are appreciably lower than 
those of the chromium-molybdenum steel, and yet, under 
certain conditions of microstructure which occasionally 
exist, the carbon-manganese steel will present just as 
much trouble with cold cracking. 

Cold cracking in the low-carbon medium-manganese 
steels can be avoided by providing for a sufficiently slow 
cooling rate, or by using controlled-hydrogen electrodes, 
because the factors affecting its cold cracking are the same 
as previously described: absorbed hydrogen, heating and 
cooling rates and a critical chemical composition and 
structure. Again, however, it is not always expedient to 
take advantage of techniques which insure the proper 
cooling rate, or to use controlled-hydrogen electrodes 
To determine what might be done about the third fac 
tor—chemical composition and structure—an investiga- 
tion on the crack sensitivity of the low-carbon medium- 
manganese steels is being conducted at Battelle, first for 
the Office of Scientific Research and Development* and 
now for the Bureau of Ships of the U. S. Navy. The 


*N.D.R.C. Research Project NRC-87, “Investigation of Metallurgical 
Quality of Steels Used for Hull Construction.” 
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metallurgical phases of this investigation have been in 
charge of C. E. Sims and H. M. Banta, and the author is 
indebted to them for the following brief summary of their 


The amount of cracking in each specimen was expressed as 
a percentage of the total bead length. A typical group of 
such measurements is shown in Fig. 11. To obtain a re- 


findings to supplement the studies of cracking behavior. liable indication of crack sensitivity, 20 identical blocks sh 
It is anticipated that a more extended discussion of the were welded for each steel, and the average per cent th 
metallurgy of these steels will appear at a later date. cracking for the set of 20 blocks was determined. While ti 
The data presented here are for commercial rolled steel _ the cracking in individual specimens varied considerably, sO 
plates, ’/s to 1 in. thick, with carbon and manganese con- __ the average value was reproducible, in subsequent groups he 
tents as shown in the table below: of specimens of the same steel, to about 5-10% cracking. ay 
The data for the 18 test steels, welded at 0° F. initia! fo 
temperature, are shown in Fig. 12 (the solid points are ve 
Thickness, for individual specimens in a group of 20; not all 20 ap- ac 
Steel In. C,% Mn, % C + Mn/6 pear, because of overlapping). The graph shows a strik- th 
A 1 0.14 1.16 0.33 ing variation in the crack sensitivity of different steels tre 
B 1 0.15 1.16 0.34 in the series. There is, to be sure, a trend toward in- 
c . 0.15 1.17 0.08 creased crack sensitivity with incréased carbon and man- ste 
D 1 0.17 1.11 0.35 ste 
E ™/, 0.16 1.21 0.36 ganese content, but it is difficult to see how a difference ter 
F 1 0.15 1.28 0.36 of a few points in carbon and manganese (compare, for wo 
G 1 0.167 1.23 0.36 example, steels G and O) could cause a change in cracking me 
H 1 0.17 5 0.36 from 0 to 76%. 
J 1 0.15 1.29 0.36 2/0 Spe 
K 1 0.17 1.19 0.37 The relation between carbon and manganese content dif 
L ™/s 0.16 1.27 0.37 (carbon equivalent C + Mn/6) and crack sensitivity is sig 
M 1 0.17 1.27 0.38 shown in Fig. 13. Steels with a low carbon equivalent wa 
cracked very little, while those with a high carbon equiv- wa’ 
Pp Ts 0.19 1.38 0.42 alent cracked 60% or more. However, the sharp av 
R 1 0.17 1.50 0.42 change which comes here at the carbon equivalent of pri 
Ss 1 0.19 1.39 0.42 0.35 to 0.40 suggested that some factor other than nea 
r 1 0.23 1.53 0.49 nominal carbon and manganese content contributed to rec 
the cracking. wer 
The cause of crack sensitivity in the chromium- bas 
Some of the steel plates were obtained directly from the molybdenum steels was recalled, and the microstructure bili 
mills, and others were supplied by fabricators of steel of the carbon-manganese steels was therefore studied to sho 
weldments, as samples of acceptable steel, or steel which determine if it had any relation to crack sensitivity. A cra 
had been rejected because of cold cracking during pro- marked variation was found in the pearlite banding of treé 
duction welding. the steels, but it had no obvious relation to the amount dra’ 
To obtain a measure of the relative susceptibility to of cracking. For example, in Fig. 14, steels E and T, with only 
cracking of all the steels, the same basic testing technique 0 banding in the as-received condition, had crack stee 
was used as for the aircraft steels, namely, a weld test sensitivities of 12 and 71%, respectively (the difference 1S bot] 
which would produce cracking in all, or almost all, of the at least partly attributable to the difference in chemical 289 
steels; which would permit a quantitative measurement Composition). On the other hand, steels F and J were pra 
of underbead cracking; and which would give reliable was 
and reproducible results. It was thought that a straight STEEL H: 0-176, 1.17 Mn drat 
bead could be used, in place of the circular bead which STEEL N: 0.18C, 1.25 Mn and, 
was formerly used, and the cracking test finally adopted form ~ a strei 
was similar to the longitudinal bead test used in the in- } a T 
vestigation on controlled-hydrogen electrodes, and crack- At— 18° the 
ing tests developed at the Naval Research Laboratory.* Wi, © - 
The test specimen is a steel block, 2 in. wide by 3 in. 
long, with the full thickness of the as-rolled plate. A 
in. weld bead is deposited on one surface of the block, as 60 w he 
shown in Fig. 10, with a '/;-in. Class E 6010 electrode, at : — 
100 amp. and 25-27 arc volts, at a speed of 10 in. per me 4. assaaa v a7 
minute. In this investigation, the welds were made with —= ——59 ,, a 
an automatic welding head, but this is not essential, if N~ un , re 
the welding speed, length of bead, and arc time are kept 60 40 > — 
constant. The choice of electrode diameter, welding © aad 
current and speed are not critical, so long as a sufficiently o ff Dy: = ion . 
rapid cooling rate is obtained and other factors are held , 50 H ga . 
constant in making the tests. The cooling rate was & VY \ es 
varied, for different series of tests, by holding the weld < 40 4 S ij stil, 
specimen partially immersed in liquid baths at various 4 Ly-N es are ¢ 
temperatures, during welding and for 1 min. afterward. 5 30 —} gatio 
Bath temperatures of 0, 60, 120 and 200° F. were used, Ww Te 
but the principal tests were made at 0° F. 4 sent 
After the welded specimens were removed from the © 20 “ai Ss “ey 
2 9 9 lor ¢ 
welding jig, they were stored 24 hr. at 60° F., then stress- * 4 ~ “wv oS triby 
relieved at 1100° F. and sectioned longitudinally along then 
the weld bead, as shown in Fig. 10, to expose underbead rf SS & oe crack 
cracks. The section was Magnafluxed to bring out the & > Yield high 
cracks, and the aggregate length of cracks was measured. Fig. 16—Effect of Various Heat Treatments on - sath show 
Strength and Cracking Tendency of Two High-Stren¢ 
* Report by C. E. Jackson (1944). Structural Steels aa 
H 
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both heavily banded, but F cracked only 5%, while J 
cracked 60%. 

After considerable study, Sims and Banta were able to 
show that cases of abnormal sensitivity to cracking of 
these plate steels were the result of manganese segrega- 
tion which persisted from the ingot through the usual 
soaking pit and hot-working practice. By means of a 
homogenization treatment which diffused the manganese 
away from the localities of high concentration, it was 
found that a steel which cracked badly could be con- 
verted into one which was practically insensitive. A brief 
account of this phase of the investigation is given here 
though the subject is so important that a more extended 
treatment is in order. 

Rapid-heating dilatometer tests of representative 
steels did not show the relation between transformation 
temperature and cracking that was found in the earlier 
work with aircraft steels. This was so because they 
measured the average properties of the relatively large 
specimen, and were not searching enough to detect local 
differences in transformation characteristics. The first 
significant indication of the difference between the steels 
was obtained when they were heat treated in various 
ways before welding. Figure 15 shows a cross section, at 
a weld bead, of a specimen which had been full-annealed 
prior to welding. It was noted, first of all, that the an- 
nealed plate was considerably more banded than the as- 
received, hot-rolled stock, and that the underbead cracks 
were oriented in planes parallel to the banding in the 
base metal. This led to a reconsideration of the possi- 
bility that banding had a relation to cracking. Tests 
showed that annealing before welding increased the 
crack sensitivity of many of the steels, while other heat 
treatments, such as normalizing and quenching and 
drawing, either had no effect or increased crack sensitivity 
only slightly. The results of such tests, for two typical 
steels, are given in Fig. 16. In the as-received condition, 
both steels had an average underbead cracking of about 
28°). In the annealed condition, the crack sensitivity 
practically doubled (48 and 57%), but the yield strength 
was unaffected. In the normalized and quench-and- 
drawn conditions, there was a slight increase in cracking, 
and, as would be expected, a large increase in yield 
strength of the quenched-and-drawn specimens. 

_The greater pearlite banding and crack sensitivity of 
the annealed steels suggested that manganese was re- 
sponsible for the difference in cracking behavior. It is 
known that manganese segregations exist in rolled 
steels, particularly when the manganese content is high. 
The type of segregation important to this discussion is 
microsegregation along dendritic interfaces and bound- 
anes. Such segregations will, during subsequent rolling 
of the ingot, orient themselves parallel to the 
plane of rolling. It is also known that if manganese 
banding is present in a steel, the carbon will migrate to 
the manganese-rich areas as the steel cools slowly through 
the critical range from above the austenitizing tempera- 
ure. This is so because, on slow cooling, the low-man- 
ganese areas transform first, to ferrite, and the carbon 
pace toward the manganese-rich areas which are 
“ull austenitic. There it remains as pearlite bands which 
— with the bands of manganese microsegre- 
ney the effect of manganese segregation, repre- 
(or were homogenized at high temperatures 
tribution Sa 4 hr. at 2350° F.) to produce uniform dis- 
then ‘Manganese. The homogenized plates were 
crack on uer annealed or normalized, and were tested for 
high heaps The results for a typical steel, with a 
in the as-received condition, are 
cracks ab ig. 17. In the hot-rolled condition, this steel 

adout 65%, and the ordinary annealing and nor- 
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Fig. 17—Effect of Homogenizing Treatment on the Crack 
Sensitivity of a High-Strength Structural Steel 


malizing treatments produce some increase in cracking. 
However, in the homogenized and annealed or homog- 
enized and normalized condition, the crack sensitivity 
is zero. 

The photomicrographs in Fig. 18 illustrate the migra- 
tion of carbon in a typical carbon-manganese steel with 
different heat treatments. In the as-received condition, 
this steel showed no banding, but when it was annealed, 
the carbon formed continuous and distinct pearlite bands. 
When the steel was homogenized and then annealed, the 
pearlite bands did not form, because the homogenization 
effaced the manganese microsegregation of the as-rolled 
steel, and the subsequent annealing treatment could not 
produce migration of carbon into manganese-rich areas. 

A striking demonstration of the influence of manganese 
segregation on the distribution of carbon came from an 
experiment with a composite steel plate. A small experi- 
mental heat of steel was made and split into two portions, 
one with 0.14% C and 0.30% Mn, and the other with 
0.14% C and 2.80% Mn. One-eighth-inch plates were 
rolled from both portions, arranged in a 1'/,-in. stack of 
alternately high- and low-manganese plates, and hot 
rolled into a composite plate about '/, in. thick. The 
plate surfaces were sufficiently clean and well protected 
so that they welded together during rolling. The final 
thickness of the high- and low-manganese layers was 
about 0.02 in. Figure 19 (a) shows a cross section of the 
composite plate, in the hot-rolled and air-cooled condi- 
tion, at a magnification of 100 X. The central band is 
a 0.14% C, 0.30% Mn layer, and the upper and lower 
dark bands are 0.14% C and 2.80% Mn. A piece of the 
composite plate was then reheated to 1600° F., and slowly 
cooled in the furnace. The microstructure of the an- 
nealed specimen is shown in Fig. 19 (6). The carbon in 
the low-manganese layer had migrated into the adjacent 


high-mpanganese layers and appears as the two black 
bands. 
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On the basis of the above experiments, it is believed 
that the crack sensitivity of the carbon-manganese steels 
is related to microsegregated manganese. Although the 
evidence is not conclusive for all cases, it is probable that 
pearlite-ferrite banding in these steels in the as-received 
(hot-rolled) condition indicates the presence of man- 
ganese segregations. On the other hand, the absence of 
banding does not mean that a steel is free of manganese 
segregation, since a sufficiently rapid cooling after hot 

a rolling prevents the formation of banding, depending on 
the degree of manganese segregation. In any case, the 
presence of pearlite banding in a steel is not a trust- 
worthy indication that the steel will be crack sensitive, 
nor does the absence of banding always indicate a non- | 
sensitive steel. | 

If a steel contains manganese segregations of sufficient 
severity, the combination of the high manganese content | 
plus the average carbon content apparently produces | 
high-alloy areas which, in the heat-affected zone, tend to | 
transform at a low temperature or to retain some aus- ( 
tenite, and thus set up conditions favorable for cold crack- 
ing. If a steel is annealed before welding, or if sever 
pearlite banding is already present in the hot-rolled con- ( 
dition, the amount of carbon in the areas of manganese 
segregation is relatively great, and one might surmise 
that the tendency for low-temperature transformation 
and cracking would be enhanced. However, it appears 
that the level of crack sensitivity is not materially lowered 
by simply eliminating the pearlite banding. When 
banded steels were quenched and drawn, for example, « 
structure with uniform distribution of carbon was pro- 
duced, but welding tests showed that the steels were at 

b least as crack sensitive in this condition as when tested 
in the as-received condition. Apparently manganese 1s 
the governing factor. 

In summary: the steels with carbon and manganest 
on the low side of the specification range (e.g., steels A, 
B, C, D and G, Fig. 13) were insensitive to cold cracking 
even under drastic welding conditions. The steels with 
intermediate carbon and manganese contents (e.g., steels 
E, H, K, L, M and N, Fig. 13) were somewhat mor 
crack sensitive, but practical shop and field experienc: 
has shown that most of them do not cold crack under 
reasonable welding conditions. It is probable that the 

intermediate steels are undesirably crack sensitive only 
ke : steels with carbon and manganese on the high side (¢.¢., 
steels P, R, T, O and S, Fig. 13) were quite crack sensi 
tive, because of the higher chemistry, and probably be 
cause the higher manganese content provided more 
opportunity for manganese to segregate to concent 
tions which cause cracking. 

There seem to be two practical ways to improve the 
crack-sensitivity characteristics of this class ol steels. 
One is to keep the carbon and manganese on the low sia 

c of the specification range. The other is to process Ul 
steel in such a way that dangerous manganese segres 
tions will not occur in the finished steel. In certamT™ 
spects, the latter is the more desirable solution, since e 
makes possible the use of more carbon and manganese © 
that the strength can be increased with no loss in we 
ability. 


Cold Cracking vs. Hardness 


ese 
The crack-sensitivity tests of the wlio 
steels have produced some interesting data on the relane” 


i imum hardness 10 the 

Fig. 18 Change in Microstructure of Steel K (0.17C,1.19Mn), __Petween cold cracking and maximulh tivity 

After Annealing and Homogenizing Treatments. (Longitudi- heat-affected zone. Figure 20s yonre iad um hard- 
nal Sections at 100 x) of six selected steels, compared with the maximum: © 


: ame welds. (The 
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indentation, say the Knoop, higher peak hardness 
might have been obtained.) The graph shows that the 
maximum hardness and the crack sensitivity both in- 


crease with the carbon equivalent (C + Mn/6). This 
relation between hardness and carbon equivalent is as 
would be expected, but, as mentioned previously, the 
sharp increase in crack sensitivity cannot be entirely 
a function of nominal carbon and manganese content. 
In steels J and S, for example, the crack sensitivity was 
probably caused chiefly by manganese segregation. If 
hardness measurements could be made on very small 
areas, it is possible that the peak hardnesses for steels 
J and S would be higher, wherever the indentation fell in 
an area rich in carbon and manganese. The Vickers in- 
dentation probably gives an average hardness reading. 

The point of principal interest in Fig. 20 is that hard- 
ness measurements cannot be relied upon to give an ade- 
quate indication of probable crack sensitivity. Compar- 
ing, for example, steels F and J, which have the same 
chemical composition, we find that their maximum hard- 
ness is substantially the same (390 and 420 Vickers, re- 
spectively), but that their crack sensitivities are entirely 
different (5 and 80%, respectively). 

The lack of consistent relationship between hardness 
and cold cracking is further illustrated in Fig. 21, which 
shows the hardness gradient in the heat-affected zone of 
two samples of a crack-sensitive steel. One sample was 
welded in the as-received (hot-rolled) condition and 
cracked about 65% (average of 20 tests). The other 
sample was homogenized and annealed before welding, 
and cracked only 1% (average of 20 tests). The maxi- 
mum hardness and the hardness gradient, however, were 
the same in both samples. This indicates that the hard- 
ness measurements (Vickers, 30-kg. load) reflected only 
the over-all effect of carbon and manganese, and did not 
pick out the microscopic areas of high and low chemical 
composition which, in the hot-rolled sample, caused cold 
cracking. 

The welding tests of the S.A.E. 4130 aircraft steels 
brought out the same lack of simple relationship between 
hardness and cold cracking. With hardness values in the 
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Fig. 20—Relation Between Crack Sensitivity and Maximum 

Underbead Hardness of Six High-Strength Structural Steels. 
(Hot-Rolled Condition) 


heat-affected zone of over 500 Vickers, cracking could be 
either very severe or nearly absent.* 


Effect of Preheat 


Most of the cracking tests of the carbon-manganese 
steels were made with the test blocks held in a liquid 
bath at 0° F., to obtain a rapid cooling rate and a high 
degree of cracking. After the crack-sensitivity ratings of 
the steels had thus been determined, it was suggested 
that perhaps their relative ratings might not be the same 
if slower cooling rates were used. Tests were therefore 
made on selected steels, representing the entire cracking 
range, at a series of higher initial temperatures—60,120 
and 200° F. The results are shown in Fig. 22, along with 
the results of the tests made at 0° F. 

The 60° F* tests were made first, and it was expected 


* See Fig. 13, reference 21. 
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(b) Furnace Cooled from 1600° F. 


i 19—Microstructure of a Composite Steel Plate, with Planes of High and Low Manganese Content, Show- 


Migration of Carbon to Manganese-Rich Zones When the Plate Is Annealed. 


(Longitudinal Sections at 


100 x) 


1947 


COLD CRACKING IN HEAT-AFFECTED ZONE 


167-8 


| 


that even this small increase in preheat would slow down 
the cooling rate sufficiently to decrease cracking. How- 
ever, there was no such decrease, and some of the steels 
even showed an increase in average cracking. Tests were 
then made at 120° F. initial temperature, but still there 
was no decrease in cracking. The initial plate tempera- 
ture was then raised to 200° F., and this resulted in a 
sufficiently slow cooling rate so that cracking was virtu- 
ally eliminated in all except the most sensitive steels. 

No attempt has yet been made to investigate and ex- 
plain the “‘inverse”’ effect of preheat on the less crack- 
sensitive steels (L, H and N). It is apparent, however, 
that for all of the steels there is a critical cooling rate 
which, if exceeded, results in a full degree of cold-crack- 
ing. To reduce the incidence of cracking even halfway, 
it seems necessary to cool the specimens at less than this 
critical rate. The actual cooling rates, for different 
initial temperatures and welding conditions, have not yet 
been determined. 


Conclusion 


The results of a number of investigations lead to the 
conclusion that cold cracking in the heat-affected zone of 
metal-arc-welded joints can occur whenever a critical 
combination of four factors is present. These factors are 
hydrogen, rate of heating and cooling, chemical composi- 
tion and structure, and stress. 

The source of hydrogen is the welding electrode coat- 
ing; the gas is absorbed by the filler metal from the 
shielding atmosphere surrounding the arc, and some of it 
then diffuses from the weld metal into the adjacent heat- 
affected zone. If sufficient hydrogen enters the heat- 
affected zone while it is austenitic, and if the base-metal 
characteristics and the cooling rate are such that the aus- 
tenite in the heat-affected zone transforms into marten- 
site at a low temperature, the hydrogen will, by some 
mechanism not yet clearly understood, embrittle or 
crack the martensite. ; 

It is believed that the stresses necessary to the initia- 
tion and propagation of cold cracks are the transforma- 
tion volume-change stresses, the local weld shrinkage and 
temperature-change stresses, and stresses produced by 
the internal pressure of precipitated hydrogen. Except 
for the last-named type, the occurrence and magnitude 
of these stresses cannot be controlled in any useful de- 
gree by choice of welding conditions. From this view- 
point, the tendency for cold cracking cannot be elimi- 


WwW 
z 
N 
STEEL P: 0.196, .38Mn 
- SOO T T T T T T T T 
oO 
u 450Fr HOMOGENIZED - ANNEALED 
CONDITION; I% CRACKING 
| ff 
4 a al 
w 400 ! 
350k | 
4 
z 
& 
250k 
ol 
w 
= 
> 200 | 
< 
150 i i i i i i 
Oo 02 03 04 .05 06 .07 .08 
FUSION LINE DISTANCE BELOW FUSION LINE, INCHES 


Fig. 21—The Hardness Adjacent to Bead Welds in a Steel, for 
Two Conditions of Crack-Sensitivity 
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ALL SPECIMENS STORED 24 HR. AT 60°F AFTER WELDING 


INITIAL PLATE TEMP, °F | | 
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STEELS, IN ORDER OF INCREASING CRACK— SENSITIVITY 


Fig. 22—Influence of Initial Plate Temperature on Amount of 
Underbead Cracking 


nated by resorting to techniques intended to influence the 
state of stress in the heat-affected zone. 

External stresses, such as the reaction stresses which 
develop when a weld joint shrinks and cools under re- 
straint, probably have only a secondary function in the 
formation of cold cracks. Such welding and fabrication 
stresses, added to the localized ‘‘internal’’ stresses, may 
aid in the initiation of cracks and their propagation, but 
cracking can take place even if the external stresses are 
very small. Hence, control of the state of external stress 
is at best only a partial remedy for cold cracking. 

The governing factors, then, are hydrogen, the steel, 
and the cooling rate.* They are interdependent, and 
the influence on cold cracking of one depends on the con- 
ditions set up by the other two. There are numerous 
combinations of the three factors which will prevent 
cracking, and the selection of the most suitable com- 
bination is dictated by the type of material and weld- 
ment involved, the site, the availability of welding 
facilities, the skill of the welding operator, and the over- 
all economic considerations. The fundamental tech- 
niques for the control of cold cracking are as follows: 

1. If the hydrogen concentration in the arc atmos- 
phere is kept below a critical value (which varies with the 
steel composition and cooling rate to be used), the amount 
of hydrogen that gets into the weld metal, and from it in- 
to the heat-affected zone, will be insufficient to cause 
cracking. This can be done by choosing a ferritic welding 
electrode whose coating contains a minimum of hydrogen- 
and water-bearing ingredients. 

2. Cold cracking can also be avoided by using aus- 
tenitic steel electrodes. The austenitic weld metal ab 
sorbs a large quantity of hydrogen, even from low-hydro- 


gen arc atmospheres, but apparently the diffusion of hy- 
drogen from such weld metals into the heat-affected zone 
of ferritic steels is slow, or the weld metal is able to tf 


absorb the hydrogen from the heat-affected metal, wher 
the latter transforms from the austenitic to the terrt« 
state, and not enough hydrogen remains in the bas 
metal to induce cracking. ; 
3. By using a sufficiently slow cooling rate after weld- 
ing, the transformation of austenite in the heat-ailectee 
zone can be made to occur at a high enough temperatur 
so that martensite, the formation of which is necessat) 
for cold cracking, will not form. The slow cooling T* 
can be obtained by preheating the weldment, by rary Jr 
high welding-heat input, or by keeping the weld jo'" ‘. 
immediately after welding. A slow cooling rate, 1" : “a 
tion to decomposing the austenite and preven''''s 
* The heating rate and time at high temperature are also importas tered 


arc welding these factors are relatively invariable, and are not 
among those susceptible of control. 
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formation of martensite, aids in the diffusion of hydrogen 
away from zones of high-hydrogen concentration. 

|. If the amount of carbon and other alloying ele- 
ments in the base metal can be reduced, the temperature 
of austenite transformation in the heat-affected zone will 
be raised (for a given cooling rate), and the tendency for 
cold cracking will be diminished. 
5. Ifthe base-metal alloy content must be maintained 
at a high level, for strength and heat-treatment proper- 
ties, crack sensitivity can often be reduced or-eliminated 
by insuring that the distribution of the elements, and the 
state and composition of the carbides, is such that the 
austenite which forms is favorable for transformation at 
a high temperature. At present, there seems to be no 
practicable way to produce this condition after the steel 
has been finished; it appears necessary to apply suitable 
controls while processing the steel in the mill. 
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The Chemical Surface Treatment of 
Magnesium Alloy Sheet for Spot 


Welding 


By W. F. Hess,* T. B. Cameron‘ and D. J. Ashcraft! 


Foreword 


N this, and the series of papers to fol- 
low, are presented the results of an in- 
vestigation into the spot welding of mag- 
nesium alloys carried out in the Welding 
Laboratory of the Rensselaer Polytechnic 
Institute under Contract No. OEMsr- 
1062 with the Office of Scientific Research 
and Development. The work was under 
the immediate supervision of Professor 
Wendell F. Hess of the Rensselaer Poly- 
technic Institute. Supervision for the 
O.S.R.D. was through George S. Mikhala- 
pov, Supervisor of Welding Research for 
the War Metallurgy Committee. The 
official title was ‘“‘An Investigation of 
Spot Welding Magnesium Alloys,” and it 
was designated as NDRC Research Proj- 
ect NRC-68. Work under the Contract 
continued from July 1943, until Aug. 31, 
1944. The project advisory committee in- 
cluded Mr. Mikhalapov as Chairman, with 
representatives of the War Production 
Board, the Army Ordnance Department, 
the principal producers of magnesium 
alloys and several large aircraft manufac- 
turers. 

The state of the art of spot welding mag- 
nesium alloys at the start of the investiga- 
tion (July 1943) is summarized in a report 
entitled ““The Spot Welding of Magnesium 
Alloys,’’ prepared by the Magnesium 
Welding Subcommittee of the Aircraft 
Welding Research Committee of the En- 
gineering Foundation, and dated Aug. 1, 
1943.1 The magnesium alloys are similar 
to the aluminum alloys in having a rela- 
tively high electrical and thermal conduc- 
tivity, and a low melting point. Conse- 
quently, the essential requirements in 
equipment and technique for spot welding 
alloys of the two metals are much the 
same. This investigation was guided to a 
considerable extent by the experience 
acquired during research programs on the 
spot welding of aluminum alloys sponsored 
in the R.P.I. Welding Laboratory by the 
National Advisory Committee for Aero- 
nautics, the Army Air Forces and the Navy 

* Contribution from the Welding Laboratory, 
Rensselaer Polytechnic Institute, Troy, N. Y. 
This paper is based in whole or in part on work 
done for the Office of Scientific Research and 
Development under Contract No. OEMsr-1062 
with Rensselaer Polytechnic Institute. 

Tt Professor of Metallurgy, Head of the Weld- 
ing Lab., Rensselaer Polytechnic Institute. 

t Assistant Professor of Chemistry, University 
of Cincinnati, Cincinnati, Ohio. 

§ Junior Engineer, Technical Service Div., 


Standard Oil Co. (Ohio), Midland Building, 
Cleveland, Ohio. 


Bureau of Aeronautics. Frequent reference 
will be made to published reports recording 
the progress of that work. 

The results of the investigation are 
divided into four parts, of which this paper 
presents the first: 


1. The chemical surface treatment of 
magnesium alloy sheet for spot 
welding. 

2. Optimum welding conditions and 
general characteristics of spot 
welds in magnesium alloy sheet. 

3. Observations on electrode tip pickup 
and tip life in the spot welding of 
magnesium alloy sheet. 

4. General corrosion and stress corro- 
sion of spot-welded magnesium 
alloy sheet. 


Only the results and most important data 
will appear in these papers. The complete 
data were published in the following 


O.S.R.D. Reports: O.S.R.D. No. 4955, 
Serial No. M-374, April 21, 1945, and 
O.S.R.D. No. 4956, Serial No. M-375, 


April 21, 1945. 


Summary 


Magnesium alloy sheet is supplied com- 
mercially with either an oil or a chrome- 
pickle coating which serves to protect the 
metal during shipment and _ storage. 
These coatings, as well as the character- 
istic oxide film on the unprotected surface 
of plain-finished sheet, must be removed 
before spot welding. Prior to the present 
investigation, no satisfactory chemical 
cleaning method for use with either plain- 
finished, oiled or chrome-pickled sheet had 
been developed. As compared with 
mechanical methods of preparation, a 
satisfactory chemical treatment could be 
expected to reduce cost and save time 
when large quantities of sheet are to be 
welded. This research was therefore 
directed toward the development of a 
single solution to clean all varieties of 
stock at room temperature. In accord- 
ance with previous experience in the sur- 
face preparation of aluminum alloys, 
treatments were sought which produce 
the lowest possible surface resistance, 
since better and more consistent welds are 
made when this resistance is at a mini- 
mum.%* The treatments developed were 
studied from the viewpoint of the charac- 
teristics of both the solutions used and the 
surfaces produced. Direct comparisons 
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were made between the properties of sur- 
faces cleaned chemically and by wire- 
brushing in order to establish the relative 
merits of the chemical and mechanical 
methods of preweld preparation. 


Introduction 


The normal oxide or the protective oil 
and chrome-pickle coatings on magne- 
sium alloy sheet must be removed prior to 
spot welding because their electrical re- 
sistance is high, and irregularities in their 
conductivity affect both the magnitude of 
the current and its distribution over the 
contact areas. This is reflected in the 
quality and consistency of the individual 
welds. Furthermore, the high electrical 
resistance of the uncleaned surface pro- 
duces excessive heating at the electrode- 
to-sheet contacts, resulting in increased 
electrode pickup and decreased tip life. 

The problem in chemically preparing 
plain-finished and degreased oil-finished 
stock for spot welding is essentially one of 
dissolving the high-resistance oxide film 
without attacking the metal excessively 
and without leaving another high.-resist- 
ance film on the surface. Chrome-pickled 
surfaces were excluded from all but the 
preliminary phases of this investigation 
since, after removal of the chrome-pic kle 
coating, the underlying surface is found to 
be pitted and rough. This surface 1s in- 
herently less suitable for spot welding than 
that of plain- or oil-finished sheet. 

Whitby removed corrosion 
from magnesium in his loss-of-weight © 
periments by a one- -minute immers 
boiling 20% chromic acid, to which 10‘ 
silver nitrate was added if the cor son 
products contained chloride ion 
and LeBrocq performed the same lea 
operation by boiling for 6 hr “i 

K2Cr,0;.4 Other acid-cieaning media 
magnesium alloys include lutions 
sulphuric, acetic, tartaric or mitric ™ i 
and mixtures thereof, which 
metal vigorously, but do not ne word 
leave the surface with resistance ‘ ther a 
or uniform. A less vigorous cleamins 
tion is one containing 8% chromic aci® ul 
5% nitric acid.® Alkaline clea"! 
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Materials 


Sheet for this investigation was ob- 
tained from the American Magnesium 
Corp. and the Dow Chemical Co. Magne- 
sium alloy sheet is generally used in one of 
three compositions and, for thicknesses 
0.102 in. or less, in one of two tempers: 
annealed or hard rolled. The following 
table gives the nominal compositions and 
corresponding designations. 


2. Pretreatment in boiling alkaline 
cleaner, if used. This was followed 
by a thorough cold water rinse and 
by drying in a fan blast. 

3. Treatment of specimens in oxide- 
removing solution. 

4. Thorough rinse in cold water. 

Drying in air using fan. 

6. Measurement of the sheet-to-sheet 
resistance within 10 min. after 


American Magnesium Corp. 


Dow Chemical Co. 


The apparatus used in this laboratory 
for the measurement of sheet-to-sheet 
resistances has been carefully described in 
Reports Nos. 10 and 12 to the N.A.C.A. on 
the progress of aircraft spot-welding re- 
search at the Institute. These reports 
have also been published in THE WELDING 

Customarily five resistance measure- 
ments were made on each pair of speci- 
mens if the resistance was below 300 
microhms, but only three if above 300 
microhms. The specimens were turned 
over for two of the five readings so that the 
average resistance was a measure of con- 
ditions on both sides of the sheet. In re- 
cording the resistance of a pair of speci- 
mens, not only the average but the range of 
readings is stated, since consistency of 
surface resistance is also an important con- 
sideration, 


Test Specimens and Test Procedure 


The test specimens were cut in accord- 
ance with the dimensions shown in the 
following table.¢ 


Gage, In. 


Dimensions, In. 
0.040 1x4 
0.064 
0.125 2x6 


Glass hooks were used to support the 
‘est pieces during chemical surface treat- 
ment. The possibility of galvanic effects 
must be considered if any type of metal 
holder is employed. 

Unless otherwise specified the test pro- 
cedure was as follows: 


Degreasing in trichlorethylene va- 
por. For plain-finished stock, two 
or three 4-sec. immersions in the 
vapor were used, each immersion 
being followed by cooling to room 
temperature. For oil-finished 
Stock, a 10-sec. dip into the boil- 
ing solvent was used to remove 
most of the oil, followed by two or 


three 4-sec, immersions in the 
Vapor. 


— 


* For an 
Ment and Baect oes summary of the ‘‘Measure- 


Welding ” ontact Resistance in Spot 
26-34 R. A., Trans. A.1.E.E., 65, 


Designation Designation 
Nominal Composition Annealed Hard Rolled Annealed Hard Rolled 
Mg -1.5Mn AM3S-O AM3S-H M-A M-H 
Mg - 3Al - 1Zn AMC52S-O AMC52S-H FS1-A FS1-H 
Mg -6A1 -1Zn AMC57S-0 AMC57S-H J1-A Ji-H 
Measurement of Sheet-to-Sheet Resistance* treatment. Unless otherwise 


noted, each tabular value below 
300 microhms represents the aver- 
age of five readings taken on one 
pair of specimens. 


The formula for the alkaline cleaner’ 


was: anhydrous Na:CO; 16.0 gm.; 
NaOH, 10.0 gm.; H,0O, 1 liter. 

The stated percentage compositions of 
solutions employed in this work were 
based on the amount of water used in 
making them. A 10% CrO; solution was 
prepared by dissolving 10 gm. of CrO; in 
100 milliliters of water; a 2% HNO; solu- 
tion by mixing 2 milliliters of concentrated 
HNO; with 100 milliliters of water. 
Chemicals were of c.p. (chemically pure) 
grade except in cases specifically noted. 


Wire Brushing 


For purposes of comparison, various 
sheet materials were prepared for spot 
welding by application of a motor-driven 
steel wire brush. Contact resistance 
measurements were made on these sur- 
faces, and the observed resistances of all 
freshly wire-brushed sheets were found 
to lie between 6 and 140 microhms. The 
resistances of wire-brushed surfaces were 
found to be very sensitive both to wiping 
with a cloth and to contact with water. 
The reason for increased resistance on 
wiping is not certain. The influence of 
water in raising the surface resistance to 
very high values is no doubt due to forma- 
tion of a hydroxide film by reaction be- 
tween magnesium and water. Experi- 
ments showed that the resistance rose 
from 56 microhms (with 0.051-in. FS1-H) 
to 320 microhms within 6 sec. after appli- 
cation of water, and to 1100 microhms 
within 10 sec. The sensitivity of wire- 
brushed sheet to moisture is a practical 
drawback to this method of preweld 
preparation. Other experiments indicated 
that wire brushing on the harder alumi- 
num-zine bearing magnesium alloys re- 
quires greater care than on the softer mag- 
nesium alloys, or on the clad structural 
alloys of aluminum, in order to insure a 
proper low value of surface contact re- 
sistance. 

Temper and gage were found to be un- 
important factors in determining the re- 
sistance obtainable by wire brushing. For 
all Mg — 1.5 Mn sheet an average value of 
15 microhms can be taken, and for Mg—Al- 
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Zn sheet, an average value of 40 microhms 
isrepresentative. With sheets in poor sur- 
face condition, as from water staining or 
chrome pickling, higher and more erratic 
resistances are obtained. In atmospheres 
of high temperature and humidity, much 
greater resistances can also be expected. 


Experimental Survey of Solutions Now Used 
for Protective Coating, Alkaline Cleaning 
and Degreasing and Acid Cleaning 


Many of the solutions recommended’ 
for use on magnesium alloys for protective 
coating, alkaline cleaning and degreasing 
and acid cleaning, were investigated as to 
their suitability as methods of preparation 
for spot welding. 

Protective coatings were included in the 
hope that it might prove possible to weld 
through them. However, high resistances 
are obtained after selenious acid, sodium 
selenite, chrome-pickle and chrome-sul- 
phate treatments. The selenium treat- 
ments* have received considerable pub- 
licity abroad but have not been used to any 
extent in this country. The coating de- 
veloped is composed of elemental selenium. 
The chrome-sulphate method is very 
useful on magnesium parts which are ma- 
chined to very fine tolerances, since little 
change in dimensions takes place. Chrome 
pickling is one of the most widely used 
protective procedures. It is interesting 
that short treatment times in the chrome- 
pickling bath resulted in surfaces with 
relatively low resistance. However, a 
surface sufficiently well coated to be pro- 
tected, has high resistance. 

The alkaline cleaners and degreasers all 
produce high-resistance surfaces. The in- 
solubility of magnesium hydroxide, phos- 
phate, carbonate, etc., in alkaline solution 
accounts for this fact, and also makes 
possible the use with magnesium alloy of 
cleaners of the strongly alkaline type such 
as are commonly employed on steels. 

Table 1 presents the results achieved 
with various acid-cleaning media. The 
boiling CrO;-AgNO; solution recom- 
mended by Whitby? is very satisfactory so 
far as the resultant resistance is con- 
cerned, but irritating and toxic fumes are 
evolved. Cold CrO;-HNO;' showed prom- 
ise, although the etching action is more 
violent than desirable and the loss of base 
metal is great. 

In attempting to spot weld 0.040-in. 
FS1-A plain-finished sheet, the surface of 
which has been treated in various ways, 
it was found that only those surfaces with 
reasonably low resistances gave symmetri- 
cal, uniform spots. The as-received and 
the alkaline cleaned stock, having a sur- 
face resistance greater than 1100 microhms, 
gave welds of poor quality. Flashing and 
expulsion of metal resulted when welding 
was attempted through protective sele- 
nium, chrome-pickle or chrome-sulphate 
coatings. Sheet prepared by hot chromic 
acid cleaning welded satisfactorily. The 
tip condition did not appear to deteriorate 
as rapidly with us¢ as when welding wire- 
brushed stock. 


Notes on Degreasing of Plain- and Oil- 
Finished Sheet 


No extensive investigation of degreasers 
and degreasing methods was made. The 
need for degreasing oil-finished sheet prior 
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Table 1—The Sheet-to-Sheet Resistance of J1-H Sheet After Treatment in Recommended Acid Cleaning Solutions 


Solution and 
Temperature 
CrO; 


1.25% AgNO, 


0.040 in. 
Oiled 
J1l-H 
0.040 in. 
Oiled 
Jl-H 
0.064 in. 


Boiling 
“Chromic acid cleaning” 


Alloy, Gage 
and Finish 


After Treatment: Cold H,O Wash, Towel Dry 


Time of 
Treatment, 
Pretreatment Min. 
Acetone wipe, cold 1 
H.O wash 


Acetone wipe, cold 
H,O wash 


None 


Chrome pickled 


Ji-H 
0.064 in. 


None 


Chrome pickled 


ji-H 
0.040 in. 
Oiled 


% 


‘Acid pickle” 
8% CrO; 
5% HNO; 


75° F. 


Ji-H 

0.040 in. 
Oiled 

J1-H 
0.040 in. 
Oiled 
0.040 in. 
Oiled 


Wire brushed 


Wire. brushed 
Wire brushed 


Wire brushed 


Sheet- 
to-Sheet 
Resistance, 


Microhms Comments 


11 Continuous attack; milky, 
(11-11) white surface; smut on 
towel 
20 Continuous attack; milky, 
(19-21) white surface; ) 

towel 
33 Chrome-pickle removed: 
(31-35) gray, matte finish; smut 


smut on 


31 Chrome-pickle 


removed: 
(26-33) 


gray matte finish; smut 


>1100 Violent gassing; 
bright, 


ened 


surface 
but much rough 


27 Continuous attack; 
(20-41) 


matte surface 


semi- 


16 Rough black surface; tur- 
(14-17) bidity and heating 


26 Rough black surface; tur- 
(20-27) bidity and heating; deep 
etching of surface 


to oxide removal is obvious. The best 
results with any stock can be expected 
when the surface is rendered completely 
greaseless by the precleaning operation. 

Plain-finish stock, in the as-received 
condition, bears some grease and gives a 
water-break surface. It can be cleaned 
to a no-water-break surface by a trichloro- 
ethylene vapor-degreasing operation in- 
volving a 4—5-sec. immersion in the vapor, 
repeated 2 or 3 times with air cooling be- 
tween successive immersions. Longer 
immersions are not useful because vapor 
does not condense after 5 sec. on sheet of 
the thicknesses used in this investigation. 

An alternative procedure for plain- 
finish stock is to use a 2-3-min. treatment 
in boiling alkaline cleaner followed by 
thorough rinsing in cold water. As indi- 
cated before, the cleaner employed con- 
tained 1.6% anhydrous Na,CO; and 1% 
NaOH. If 0.05% of soap (e.g., Ivory 
flakes) is added to this solution, a no- 
water-break surface cannot be obtained. 
This is due to formation of insoluble mag- 
nesium salts of fatty acids (magnesium 
soaps) which adhere as grease-like films to 
the surface. Inasmuch as the soap-con- 
taining solution develops a greasy film 
even on a previously greaseless surface, the 
use of soap in cleaning solutions for mag- 
nesium alloys is to be avoided. The pene- 
trating and emulsifying qualities of soap 
can be obtained by employing a wetting 
agent of which the magnesium salt is 
soluble. 

Oil-finished stock cannot be cleaned to a 
no-water-break surface by trichloro- 
ethylene degreasing. Oil-finished stock is 
not, furthermore, cleaned to a no-water- 
break surface by a 10—-15-min.treatment in 
boiling alkaline cleaner followed by 
thorough rinsing in cold water. But if the 
major portion of the oil is first removed by 
trichloroethylene degreasing, either by 
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dipping in the boiling liquid followed by 
vapor degreasing, or by several successive 
vapor degreasings, then a 2—5-min. treat- 
ment in boiling alkaline cleaner will gen- 
erally render the surface greaseless. 

It should be remembered that vegetable 
oils saponify in alkaline solution to yield 
soaps which form greasy, insoluble mag- 
nesium salts. The use of inert mineral oils 
for the protective coating of magnesium 
sheet is to be preferred. 


Plain Chromic Acid Solutions 


A study of the literature and of the pre- 
liminary results led directly to the con- 
clusion that solutions of chromic oxide, 


CrO;, either pure or with additions, offered 
the best promise of satisfactorily removing 
the oxide film without attacking the bas 
metal unduly. It is important that a: 
effective oxide-removing solution lias con 
siderable reserve acidity so that reasonabl: 
quantities of oxide can be dissolved an 

neutralized without exhaustion. Solutions 
of ordinary acids and acid salts attack 
magnesium vigorously, but with a 10 or 
20% solution of pure chromic oxide, 10 
continuous attack is observable even at 
the boiling point. This effect is generally 
attributed to a passivating influence of th 

chromate and dichromate ions. A solu 

tion of chromic oxide behaves as a solution 
of dichromic acid, and readily 


Table 2—Effect of Concentration on Sheet-to-Sheet Resistances Obtained by 


Chemical Treatment in CrO; Solutions at Room Temperature (75° F 
Plain-Finished 0.040-In. AM3S-H. Treated After Vapor Degreasing 


Time of 
Treatment 
in CrO; 2% 5% 
Solution CrO; CrO; 

10 sec. D D 
>1100 >1100 
D D 


>1100 520 
(270—> 1100) 
1 min. D 760 
>1100 (230-> 1100) 
2 min. D 590 
>1100 (270—> 1100) 
>1100 360 
(240-570) 
>1100 200 
(130-290) 
>1100 570 
(380-> 1100) 


30 sec. 


4 min. 
8 min. 


15 min. 


———Sheet-to-Sheet Resistance, Microhms 


10%* 15° 
CrO; CrO; 
210 130 
(110-260) (52-210) 
190 
(105-280) 220) 
91 
(44-230) (21-60) 
81 
(538-130) (30-82) 
52 115 
260) 


ao 
(35-101) (13-33) 
79 41 
(37-150) (17-66) 


* Average of 10 readings, 5 each on 2 pairs of specimens. 


D = dirty. 
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Table 3—Effect of 2-Min. Hot Alkaline Preclean (at Boiling Point) on the Sheet-to-Sheet Resistances Obtained by Subse- 


quent Treatment in 2, 10 and 20% CrO,; at Room Temperature (75° F.) 
Oil-Finished 0.040 In. AMC52S-H. Treated After Vapor Degreasing 


Time of - Sheet-to-Sheet Resistances, Microhms —— - — 
Treatment 2% CrOs 10% Cro;— ——20% CrO; 
in CrO; As Vapor After As Vapor After As Vapor After 
; Solution Degreased Preclean Degreased Preclean Degreased Preclean 
ilky, 10 sec. D D 420 5A 300 72 
t on >1100 >1100 00-200) (43-71) (81-840) (66-97) 
20) sec. D D 27 63 58 
ilky, >1100 >1100 145-180) (26-30) (56-71) (43-74) 
i. on 1 min. 1100 D 66 27 32 36 
(950-—> 1100) >1100 (57-78) 25-32) (27-46) (24—45) 
d; @ 2 min. 1020 D 72 25 59 23 
smut (970-> 1100) >1100 (58-89) (21-30) (51-75) (20-26) 
4 min. 680 1020 78 19 38 21 
ed; (420-—> 1100) (850-> 1100) (40-190) (11-32) (25-45) (18-25) 
—_ 8 min. 930 630 44 18 24 21 
(920-980) (510-800) (40-59) (17-19) (23-24) (17-24) 
irface 15 min. 220 250 53 36 19 20 
rough (210-250) (210-290) (45-65) (28-50) (17-21) (¥4-25) 
D = dirty. 
semi- — 
tur- 
' Table 4—Effect of Concentration on Sheet-to-Sheet Resistances Obtained by 4-Min. Chemical Ridameits in CrO; Solution 
tur- at Room Temperature (75° F.) 
saad American Magnesium Corp. Sheet. Treated After Vapor Degreasing o 
—— —Sheet-to-Sheet Resistance, Microhms 
Without Preclean————— — After 2-Min. Hot Alkaline Preclean— 
Alloy Gage, In. Finish 2% CrO; 10% CrO; 20% CrO; 2% CrOs 10% CrO; 20% CrO,; 
. AM3S-O 0.040 Plain-poor (acetic 52 80 ° 66 97 37 88 
acid stripped) (40-78) (62-110) (41-140) (76-110) (19-62) (65-100) 
Loving AM3S-O 0.040 Oiled 400 6 6 30 10 16 
e bas (310-630) (4-7) (5-7) (18-64) (9-14) (12-18) 
at an AM3S-O 0.064 Plain 220 12 11 45 13 6 
1s con (38-690) (9-14) (7-12 (39-45) (10-17) (6-7) 
onabl AM3S-O 0.064 Oiled 1100 9 7 61 15 7 
(920->1100) (8-11) (5-8) (13- 106) (8-28) (6-7 
AM3S-H 0.040 Plain D 52 38 28 
>1100 (25-85) (15-53) (42- 160) (8-42) (15-45 
attack AM3S-H 0.040 Oiled 1100 24 470 17 7 
10 of (340->1100) (10-76) (8-10) (680-960) (6-37) (6.5-7) 
ide, no AM3S-H 0.064 Plain 1100 650 98 140 33 
ven al (240-> 1100) (370—> 1100) (38-280) >1100 (60-230) (18-47) 
nerally AM38S-H 0.064 Oiled 1100 12 4 200 4 4.5 
of th (420-> 1100) (8-23) (3. 5-5) (130-280) (3-4. 5) (4-4. 5) 
A solu D = dirty 
olution 
readily 
ned by Table 5—Effect of Concentration on Sheet-to-Sheet Resistances Obtained by 4-Min. Chemical Treatment in CrO; Solutions 
at Room Temperature (75° F.) 
American Magnesium Corp. Sheet. Treated After Vapor Degreasing 
Sheet-to-Sheet Resistance, 
—Without Preclean—————— -—After 2-Min. Hot Alkaline Preclean— 
rO Alloy Gage, In. Finish 2% CrO; 10% CrO; 20% CrO; 2% CrO; 10% CrO; 20% CrO; 
AMC52S-0 0.040 Plain 1100 53 14 28 16 
-120 AMCR9¢ (900—> 1100) (45-72) (13-15) >1100 (23-32) 15-16) 
AMC528-0 0.040 Oiled 700 51 15 420 11 8 
2 AMCr9¢ (520-1050) (25-120) (13-17) (670-740) (9-13) (8-9 
AMC52S-O 0.064 Plain 720 28 14 D 670 70 
. AMC52S (820 >1100) (13-68) (12-17) >1100 (500-790) (35-170) 
17 AMCS2S-O 0.064 Oiled 66 10 92 15 7.5 
(40- 73) 45-98) (9-12) (50-205) (10-25) (7-9. 5) 
6 AMC52S-H 0.040 Plain D S00 24 D 33 18 
AMC59<.1 >1100 (280-480) (20-29) >1100 (26-37) (16~22) 
MCO2S-H 0.040 Oiled 680 78 38 1020 19 21 
(420->1100) (40-190) (25-45) (850->1100) (11-32) (18-25) 
0e5-H 0.064 Plain 710 100 320 D 300 48 
AMCh9¢. 13 (460-1070) (41-225) (95-600) >1100 (280-310) (38-58) 
5s 52S-H 0.064 Oiled 500 24 9 210 7 7 
cond (280-730) (13-43) (7-12) (145-265) (6-7) (7-7) 
D = dirty, 
MARCH 1947 
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Table 6—Effect of Alloy Composition, Tem 


rO; at Room Temperature (75° F.) 


American Magnesium Corp. Oil-Finished Sheet 


Time of 
Treatment — Sheet-to-Sheet Resistance, Microhms 
in — AM3S-O AM3S-H 
20% CrO; 0.040 In. 0.064 In. 0.040 In. 0.064 In. 0.040 In. 
10 sec. 21 27 20 10 28 
(10-28) (16-34) (10-38) (6-20) (20-45) 
30 sec. 16 21 11 12 13 
(12-25) (18-27) (9-14) (7-22) (10-19) 
1 min. 14 14 8 4 17 
: (12-18) (5-11) (3.5-5) (14-27) 
2 min. 5 


4 min. 


8 min. 7 13 
(5-10) (8-17) 

15 min. 6 6 
(6-7) 


3.5 il 
(5-10) (3-4) (9-13) 
4 12 


—— AMC852S-0 


r and Gage on Sheet-to-Sheet Resistances Obtained by Treatment in 20°, 


AMC52S-H —— 


0.064 In. 0.040 In. 0.064 In 
18 300 40 
(13-24) (81-840) (19-59 
11 63 14 
(8-13) (56-71) (9-23) 
1 32 11 
(9-11) (27-46) (10-13 


10 24 8 
(9-12) (23-24) (7-9 
14 19 10 


dissolves magnesium oxide and carbonate. 
Attention was first directed to develop- 
ing a satisfactory method for cleaning 
chemically at room temperature the plain- 
finished AM3S-O alloy in 0.040-in. gage. 
On the material supplied, the “‘plain’’ 
surface was a hard layer of organic nature 
not softened or removed by vapor de- 
greasing, immersion in boiling trichloro- 
ethylene or immersion in boiling caustic 
alkali. It could be stripped off by a 10-15- 
sec. immersion ini 20% acetic acid at room 
temperature without appreciably roughen- 
ing the surface. The residual oxide film 
was then removed by etching in room 
temperature CrO, solution, the concentra- 
tion of which could vary at least from 
0.5 to 4.0% and the time of etching from 
30 sec. to 8 min. The resultant sheet-to- 
sheet resistance, after rinsing and drying, 
was fairly consistent and in the range from 
50-170 microhms (fresh wire brush = 22 
microhms). Sheet thus treated gave 
welds of good symmetry and soundness. 
With plain-finish 0.040-in. AM3S-H, 
which could be treated without stripping in 
acid, a concentration of at least 10% CrO; 
was required to produce a surface having 
satisfactorily low resistance (Table 2). 


Best results were achieved in 20% CrO;. 
With this solution resistances were con- 
sistently below 50 microhms after treat- 
ments of 30 sec. or longer. Solutions with 
concentrations less than 10% left surfaces 
which were still dirty (indicated by a ‘‘D”’ 
in Table 2) as well as high in resistance, 
particularly at short treatment times. 


Hot Alkaline Preclean 


Improved results with American Mag- 
nesium sheet in plain CrO; solutions were 
achieved on surfaces precleaned in boiling 
alkaline cleaner. The data in Table 3 
demonstrate that a 2-min. hot alkaline pre- 
clean prepares the surface for the final 
etching treatment in su¢h a way as to re- 
duce the concentration of CrO; and shorten 
the time of treatment required. Using any 
given concentration of CrO; and time of 
treatment, the resistances are lower and 
more uniform if an alkaline preclean has 
been applied. The time of hot alkaline 
preclean is not critical, but may vary from 
1 to 15 or 20 min. with little effect on the 
final resistance values. 

Dow Chemical Co. sheet did not re- 
spond as well as material from the Ameri- 
can Magnesium Corp. to treatment in 


plain CrO; solutions. Resistances were 
generally higher and more erratic even when 
precleaning was used. Increase in CrO, 
concentration or lengthening of time of 
CrO; treatment did not materially im- 
prove results. There was apparently a 
fundamental difference between stock 
from the two manufacturers. A later 
section of the paper is devoted to a dis- 
cussion of this difference. 


Effect of CrO; Concentration 


All of the tested American Magnesium 
sheet, comprising 16 batches of Mg - 1.5- 
Mn and Mg-3Al-1Zn stock, annealed and 
hard-rolled temper, 0.040- and 0.064-in. 
gage, plain and oiled finish, was satisfac- 
torily cleaned for welding by a 4-min. 
immersion in 20% CrOs, or by a 2-min. hot 
alkaline preclean followed by 4 min. in 10°; 
CrO; (Tables 4 and 5). Resistances ob- 
tained from the two treatments were 
roughly equal. 

With or without preclean, 2% CrO: 
was not generally effective, 10% CrO; pro 
duced lower resistances, and 20°), 
the lowest. With some sheet (¢£, 
0.040-in. AM3S-O, oiled), 10% CrO; with- 
out preclean gave as good results as could 


Table 7—Effect of Alloy Composition, Temper and Gage on Sheet-to-Sheet Resistances Obtained by Treatment in 10% 
CrO, at Room Temperature (75° F.) After Vapor Degreasing and a 2-Min. Hot Alkaline Preclean (at Boiling Point 


American Magnesium Corp. Oil-Finished Sheet 


Time of 
Treatment —-- 
in AM3S-O0 ——— ——— AM3S-H 
10% CrO; 0.040 In. 0.064 In. 0.040 In. 0.064 In. 0.040 In. 
10 sec. 31 25 24 37 26 
(20-42) (19-37) (18-36) (17-58) (19-40) 
30 sec. 29 21 21 17 16 
(20-37) (16-35) (18-28) (9-25) (13-20) 
1 min. 14 11 20 9 19 
(12-17) (9-15) (17-22) (8-10) (14-23) 
2 min. 15 9 10 1 
(9-27) (8-10) 
4 min. 10 15 


(8-28) 


(11-14) 


(13-24) (7-10) 


—Sheet-to-Sheet Resistance, 
AMC52S-0 ———. 


— AMC52S-H 
0.064 In 


0.064 In. 0.040 In. 

15 
(11-20) (43-71) 
9 27 12 
(8-9) (24-30) 9 14 
8 27 14 
(7-8) (25-32) 9-15) 
25 lo 
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Table 8—Effect of HNO; Concentration on the Sheet-to-Sheet Resistance Ob- 
tained by 2-Min. Treatment in Boiling 10% CrO; - HNO; Solutions 


Treated After Vapor Degreasing 


Alloy, Resistance, 
Gage, 10% CrO; - 0.2% 10% CrO; - 0.5% 10% CrO; - 1.0% 
Finish HNO; HNO; HNO; 
M-A, 0.040-in., plain >1100 >1100 100 
(76-120) 
Bright, unetched Uniform white Uniform white 
M-A, 0.032-in., cp. >1100 450 20 
(160-—> 1100) (15-22) 
Mottled, dirty Dirty Uniform white 
AMC52S-H, 0.040- >1100 >1100 45 
in., plain (33-70) 
Brown tarnish Yellowish Uniform light gray 
AMC52S-H, 0.040- 660 430 29 


(630—> 1100) 
Rough, dirty 
>1100 


in., ¢.p. 


FSI-H, 0.051-in., 
oiled 
Brown tarnish 
J1-H, 0.040 in., oiled 28 
(24-32) 
Brown stain 


be obtained. With other sheet (e.g., 
AMC52S-H, plain), 20% CrO; with pre- 
clean was required to bring resistance be- 
low 100 microhms. 

It will be noted that the plain-finished 
stock did not treat as readily as oiled 
stock. This perhaps will not be the gen- 
eral case since the plain stock used in this 
work was in subnormal surface condition. 
The data taken on the oiled sheet can be 
looked upon as the more typical from the 
viewpoint of sheet condition and effective- 
ness of treatment. The exact consistency 
of surface treatment results will always be 
governed to some extent by the quality 
smoothness, amount of rolled-in lubricant, 
extent of corrosion, etc.) of the finish on 
the sheet as supplied by the manufacturer. 

The Dow materials on hand—14 batches 
of Mg-1.5Mn, Mg-3Al-1Zn and Mg- 
6Al-1Zn sheet—were not satisfac- 
torily cleaned in plain CrO,; solutions 
alter vapor degreasing, nor did precleaning 
improve results. It is perhaps worth 
mentioning that the Dow sheet appeared 
to be in excellent surface condition. 


Effect of Alloy Composition, Temper and 
Gage—Plain CrO; Solutions 


A survey of the effect of time on the 
treatment characteristics of oil-finished 
American Magnesium Corp. sheet in 20% 
CrO;, and in 10% CrO; after a 2-min. hot 
alkaline preclean, produced the data pre- 
sented in Tables 6 and 7. The treatment 


(120-> 1100) 


(23-43) 
Dirty, gray 


Uniform light gray 
93 


(70-140) (14-46) 

Matte yellow-gray Uniform light gray 

12 15 

(11-12) (14-18) 

Uniform matte Uniform dark gray 
gray (overtreatment) 


Surface Treatment of Chrome-Pickled 
heet 


Plain-finished and oil-finished stock are 
inherently more adaptable to satisfactory 
chemical cleaning than chrome-pickled 
material. The chrome-pickle coating is 
resistant to chemical attack. No solution 
operating at room temperature was found 
to dissolve the protective chromate film 
and produce a low-resistance surface in one 
operation. For this reason, and because 
the pickled surface is etched and rough, 
magnesium alloy sheet should not be 
ordered in the chrome-pickled condition 
when it is planned to utilize spot welding 
for fabrication. 

Limited experience with the surface 
treatment of chrome-pickled American 
Magnesium Corp. stock showed that pre- 
liminary stripping in 20% acetic acid for 
about 10 sec. removed the protective film 
and left a relatively smooth surface which 
could then be treated satisfactorily in 
plain CrO; solutions. Several other acids 


were tried, but without success. Sulphuric 
and hydrochloric acids were very violent 
in their stripping action, and usually pro- 
duced a badly pitted surface. Nitric acid 
left the stripped surface with a_high- 
resistance film which was not attacked by 
CrO; solutions. 


CrO;-HNO; Solutions 


Investigation of CrO; solutions to which 
additions had been made was prompted 
by the relative lack of success in applying 
plain CrO; solutions to the cleaning of Dow 
Chemical sheet. An indication of a possi- 
ble method of activating the plain CrO, 
solutions was obtained from preliminary 
experience with boiling 25.0% CrO; - 
1.25% AgNO; solution of the type recom- 
mended by Whitby.’ This solution pro- 
duced a low resistance on 0.04-in. Ji-H 
sheet in 1 min. (Table 1). When the silver 
nitrate concentration was reduced to 
0.05%, however, the effectiveness of the 
solution for the treatment of Dow sheet 
was lost. The presence of silver nitrate 
in fairly large amount was responsible for 
the promising results with the Whitby 
solution. 

With nitric acid (H NO;) instead of silver 
nitrate, it was found that plain, oiled and 
chrome-pickled sheet was cleaned to a low 
resistance after 2 min. in boiling 10% 
CrO; — 1.0% HNO; solution (Table 8). A 
certain minimum concentration of HNO; 
was necessary: 0.59 was insufficient ex- 
cept with the J1 alloy which was actually 
overtreated after 2 min. in the 1.0%) solu- 
tion. 

At room temperature, using 10°) CrO; 
as the base, 2% HNO; was required to 
treat oil-finished 0.040-in. J1-H_ sheet 
satisfactorily within 4 min. One per cent 
HNO; was insufficient and 3% resulted in 
overtreatment marked by heavy smutting 
of the specimens, darkening and warming 
of the solution. The per cent HNO, for 
effective treatment of 0.040-in. J1-H 
sheet must be increased as the per cent 
CrO; is increased. Proper treatment 
appears to require a balance between the 
dissolving action of the HNO; and the 
passivating effect of the CrO;. 


Table 9—Effect of HNO; Concentration on the Sheet-to-Sheet Resistance Ob- 
tained by 4-Min. Treatment in 10% ae Solutions at Room Temper- 
ature ( F.) 


Oil-Finished 0.040-In. Dow Chemical Co. Sheet. Treated After Vapor Degreasing 


Resistance, Microhms——-—-—— —~ 


10% CrO; + 10% CrO; + 


10% CrO; + 


time in every case m: $ 2 can Alloy 10% CrO; 1% HNO; 2% HNO; 3% HNO; 
y case may vary from 30 sec. 444 Batch 1301 62 110 88 

to as long as 15 min. with no significant ; (44-103) (87-135) (50-120) 

effect on the very satisfactory resistance M-A. Batch 1634 240 i 920 ” 39 37 zr 

tained. Resistances are somewhat lower : (180-300) (160-320) (36-48) (30-43) 

alter treatment in 20% CrO; than after M-H, Batch 1301 180 360 ° >1100 - 1100 

treatment in 10% CrO; with a preclean. . (76-240) (110-620) (550-—> 1100) 

an some tendency for the M-H, Batch 1522 g) 18) > 1100) > 1100 

higher resistances then te FSI-A, Batch 888 >1100 1100 500 >1100 

I sheet > 

end for dis | (1020->1100) (160->1100) 

lower resistances in. gage to give —=»—-#FS1-A, Batch 869 >1100 510 400 >1100 

W ether the sheet is annealed or FSi-H >1100 440 34 26 

With is without determinate effect. (380-> 1100) (26-41) (24-30) 

coal oth AM3S and AMCS5QS sheet, the Ji-H 840 170 9 8 

— ances are below the average wire- (440-> 1100) (110-240) (9-9) (7-8) 

rushed values of 16 and 40 microhms Overtreat 

Tespectively. 

] 
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1.5- | 
and 
4-in. 
sfac- 
min. 
hot 
10% 
s ob- | 
were 
Cr0; 
3 pro 
CrO; | 
(e.g., 
with- 
i} 
11-28 
g-14 3 
i 
11-21) 
6-7) 
10 
12) 
6-11) 


Alloy 
M-A, Batch 1301 


M-A, Batch 1634 
M-A 

M-H, Batch 1301 


M-H, Batch 1522 


M-H, Batch 1828 


M-H, Batch 2322 


Dow Chemical Co. Oil-Finished Sheet. 
Sheet-to-Sheet 


Gage, In. 
0.040 


0.040 
0.064 
0.040 
0.040 
0.064 
0.064 


perature (75° F.), in 10% CrO; Containing Na,SO, 


None 


240 
(93-315) 


320 
(140-910) 
1100 

(410-> 1100) 


0.01% 
190 
(93-170) 
440 
(290-630) 
260 
(340-630) 
190 
(99-310) 
92 
(58-150) 


(620-> 1100) 
600 

(340-> 1100) 


Treated After Vapor Degreasing 


Table 10—Effect of Concentration of Na,SO, on Sheet-to-Sheet Resistances Obtained by 4-Min. Treatment at Room Tem. 


0.10% 
660 
(310—>1100 
1100 
(780—> 1100 
540 
(330 
150 
(86-190) 
42 
(20-58 
320 
(260-390 
310 


580 


Resistance, 
10% CrO; + NarSO, 
0.03% 0.05% 0.07% 
29 17 19 
(27-34) (13-22 (15-18) 
25 1 28 
(21-27 (12-18) (19-53) 
63 25 77 
(24-190) (20-31) (34-170) 
42 5 6 
(30-55) (4-5) (5-6) 
28 7 9 
(21-37) (5-8) (7-11) 
36 53 65 
(20-47) (18-98) (30-97) 
24 25 
(38-140) (15-44) 


Alloy 
FS1-A, Batch 888 


FS1-A, Batch 869 


FS1-A 


FS1-H 


FS1-H 


ji-H 


Gage, In. 
0.040 


0.040 


0.064 


0.040 


0.064 
0.040 


Finish None 
Oil >1100 
Oil >1100 
Oil 890 
(670—> 1100) 
Oil >1100 
Oil 570 
(265-> 1100) 
Plain 430 
(110-720) 
Plain 53 


(30-97) 


perature (75° F.) ih 10°, CrO; Containing Na,SO, 
Dow Chemical Co. Sheet. 


0.01% 
>1100 


660 


(450-1020) 


640 


(400-1070) 


>1100 


340 
(90-470) 
370 
(250-550) 


100 
(27-270) 


Treated After Vapor Degreasing 


10% CrO; a NaS 4 


0.03% 0.05% 
120 36 
(96-150) (20-52) 
62 40 


(53-70) (37—43) 


60 30 

(38-125) (25-37) 

114 10 

(100-130) (9-12) 

14 

(11-20) (6-14) 

30 

(22-85) (8-9) 
Somewhat gray 

13 a 

(8-18) (4.5-5.5) 


Somewhat gray 


Resistance, 


0.07% 
44 
(35-53) 


52 
(49-58) 


31 
25-38) 


10 
(7-11) 
Gray 
8 
(5-10) 
Gray 


‘ 
(7-8) 
Gray 
6 


(5-7) 
Gray 


(150-560 


Very gray 
460 
(180-750 
Very gray 
45 

(37-54 
Very gray 
25 

(12-40 
Very gray 
16 

(13-24 
Very gray 
6 

(6-7 
Very gray 
5 

(4.5-6 
Very gray 


Alloy 
AM3S-O 


AM3S-O 
AM3S-H 
AM3S-H 
AMC52S-0 


AMC52S-0 


AMC52S-H 


AMC52S-H 


American Magnesium Corp. Oil-Finished Sheet. 
Sheet-to-Sheet Resistance, Microhms 


Gage, In. 
0.040 


0.064 
0.040 
0.064 
0.040 


0.064 
0.040 


0.064 


perature (75° F.) in 10% CrO; Containing Na,SO, 


Treated After Vapor Degreasing 


10% CrO; + NaSO, 


None 0.01% 0.03% 0.05% 
6 13 8 
(4-7) (9-20) (5-17) (5-6) 
9 ‘ 23 6.5 
(8-11) (14-41) (21-24) (6-7) 
24 430 340 7 
(10-76) (82-> 1100) (47-700) (6-10) 
12 17 780 12 
(8423) (10-26) (400—> 1100) (7-18) 
51 110 68 ; 72 
(25-120) (50-230) (45-100) (48-100) 
66 71 69 42 
(45-98) (41-89) (39-87) (28-62) 
78 140 58 80 
(40-190) (91-215) (50-67) (61-105) 
24 51 150 28 
(13-43) (26-110) (83-240) (18-38) 


74 
(41-130) 
73 
(65-74) 
Gray 


81 
(35-160) 
Gray 
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Results from a survey of the effect of 
HNO; concentration in 10% CrO; on the 
resistances obtained by 4-min. treatment 
of Dow sheet are presented in Table 9. 
Two facts may be noted: 


1. Nosingle per cent of HNO; addition 
could be found which will treat 
all alloys. 

2. There was a marked difference in 
behavior between the two tem- 
pers of the same alloy. 


A third objection to the use of CrO;- 
HNO; solutions is that the optimum treat- 
ment time is always rather critical. For 
example, with 0.040-in. J1-H, 2 min. in 
10%, CrO,; - 2% HNO; was insufficient; 
after 6 min., overtreatment effects began 
to appear in the form of excessive smutting 
although there was no appreciable increase 
in resistance. 


CrO;-Na.SO, Solutions 


A 10% CrO; solution to which 0.05% 
anhydrous sodium sulphate (Na,SO,) had 
been added, successfully treated all Dow 
sheet, and produced resistances with 
American Magnesium sheet at least 
roughly comparable to those obtained in 
plain CrO; solutions. No preclean was re- 
quired. 

Tables 10, 11 and 12 demonstrate 
clearly that 0.05% is the optimum Na»,SO, 
concentration when a 4-min. treatment 
time isadopted. A concentration of 0.03% 
is insufficient, and 0.07% results in too 
vigorous attack and the excessive graying 
typical of overtreatment, particularly with 
Al-Zn bearing hard-rolled sheet (FS1-H, 
Jl-H and AMC52S-H). 

Tables 13 and 14 show the effect of vary- 
ing Na»SO, concentration in more detail. 
On Dow sheet satisfactory cleaning is not 
obtained in 10% CrO; — 0.083% NasSO, 
even after 15-min. treatment. With 
0.05% NaySO,, satisfactory results are ob- 
tained in 4 min.; with 0.07%, in 1 min. or 
less. On 0.040-in FS1-H, an overtreat- 
ment effect is noticeable after 4 min. in the 
0.07% NaSO, solution. American Mag- 
nesium sheet is not as sensitive as Dow 
sheet to the concentration of Na:SO,. 
Treatment times of 2-4 min. or longer in 
the 0.03, 0.05 and 0.07% solutions are 


permissible for American 


duces the lowest resistances. 


Surveying the treatment characteristics. 
of all material on hand in 10% CrO; con- 
taining 0.05% NazSO,, it was found that 
the minimum treatment time which can be 
successfully used with all sheet is about 
4 min. (Tables 15-19). Resistances be- 
come progressively lower as the time of 


treatment is lengthened. 
ances are obtained with Mg 


1Zn sheet. 


not important variables. 


Magnesium 
sheet, although the 0.05% solution pro- 


Lower resist- 
- 1.5Mn and 
Mg-6Al — 1Zn sheet than with Mg — 3Al - 
At short treatment times (2 
min. or less), there is considerable difference 
in the results obtained with corresponding 
sheet from the two manufacturers, or even 
on different batches from the same manu- 
facturer. With prolonged treatment es- 
sentially the same resistances are produced 
on all Mg— 1.5Mn stock, but Dow Mg -3Al 
— 1Zn (FS1) sheet treats to lower values 
than the corresponding American Magnes- 
ium AMC52S alloy. Temper and gage are 


Dow Sheet 


0 No bubbling 
0.01 No bubbling 
0.03 Very slow continuous bubbling 
0.05 Continuous bubbling, 


darkening of solution, 


warming 


0.07 More vigorous bubbling, with 


darkening and warming 


0.10 Vigorous bubbling, with dark- 


ening and warming 


there was no visible attack whatever and 
cleaning was unsatisfactory. 

When 10% CrO; containing Na,SO, was 
used, the following was observed: 

These data may be correlated with the 
resistances given in Tables 10, 11 and 12. 
The addition of 0.03% NasSO, was the 
minimum for any positive cleaning of Dow 
sheet; it was also the lowest concentration 
at which a bubbling reaction occurred. 
American Magnesium stock was on the 
other hand, visibly attacked and well 
cleaned if no NasSO, was used. The 
attack became continuous, however, on 
the addition of 0.03°) NasSO,. 


Effect of Overtreatment 


Overtreatment experiments confirm the 
conclusion that reaction in plain solutions 
of CrO; stops when the bubbling attack 
ceases. Table 20 demonstrates that with 
American Magnesium sheet, there was no 
marked rise in resistance on overtreatment 
up to 8 hr. in 20% CrO;, and the average 


American Magnesium Sheet 
Bubbling, stops after 30 sec. 
Bubbling, stops after 30 sec. 

Very slow continuous btibbling 
Continuous bubbling, some dark- 
ening of solution, no warming 


More vigorous bubbling, with dark- 
ening and warming 

Vigorous bubbling, with darkening 
and warming 


Visual Observations on the Cleaning 
Process 


The attack of CrO; solutions on de- 
greased plain- and oil-finished magnesium 
alloy sheet is accompanied by a bubbling 
reaction, the duration and vigor of which 
are directly related to effectiveness of 
cleaning. In plain CrO; solutions, with or 
without preclean, bubbles rose rapidly 
from American Magnesium stock for a 
period of from 10 sec. to 1 min., and the 
sheet-to-sheet resistance was reduced to 
very low values. With Dow material, 


loss in sheet thickness was only 0.0001 in. 
in 8 hr. 


Using 10% CrO; containing 0.05% 


Na»SO,, resistances became progressively 
lower as the time of treatment was 
lengthened (Table 21). Attack was con- 
tinuous and the average loss in sheet 
thickness was 0.0008 in. in 8 hr. 


Finish on Treated Sheet 


There is a distinct difference in the 


appearance of Mg — 1.5Mn, Mg - 3Al - 1 
Zn and Mg — 6Al — 1Zn sheet after success- 


Table 13—Effect of Concentration of Na.SO, on Sheet-to-Sheet Resistances Obtained by Treatment at Room Temperature 
(75° F.) in 10% CrO; Containing Na,SO, 


Dow Chemical Co. Oil-Finished Sheet. 


Treated After Vapor Degreasing 


- -Sheet-to-Sheet Resistance, 
Time M-H (Batch 1301)——— 0.040-In. FSI1-H 
of % NazSO, % NasSO, 
reatment 0.038% 0.05% 0.07% 0.03 0.05% 0.07% 
10 see, 300 86 250 770 500 24 
a (38-750) (41-170) (130-460) (650-850) (280-630) (19-13) 
ov sec. 400 50 190 770 110 12 
_ (280-520) (37-84) (74-330) (550-930) (64-145) (8-16) 
min 390 71 27 200 102 8 
— (230-690) (36-160) (15-43) (140-230) (64-145) (7-10) 
2 min. 140 25 7 210 56 s 
or (94-200) (16-34) (5-9) (130-380) (30-85) (7-9) 
4 min. 42 5 6 114 17 10 
(30-55) (4-6.5) (5-6) (100-130) (9-29) (7-11) 
° mun. 190 5 3 89 16 12 
ee (120-230) (2.5-3) (3-3) (53-110) (13-18) (10-15) 
_—e. 84 2.5 4 40 10 17 
(35-230) (2.5-3.5) (2.5-4.5) (28-51) (8-11) (13-23) 


4 
% NaSO, 
ray 
gray 
) Bi 
‘ 
gray 
gray 
f 
gray 
Tem- 
. 
10% 
85 
190 ] 
460 
640 
107 
-y gray “a 
ry gray 
10-130 4 
TV gray 
2-115 
TV gray 
1947 
ARCH SURFACE TREATMENT OF MAGNESIUM FOR SPOT WELDING 177-s 


Table 14—Effect of Concentration of Na,SO, on Sheet-to-Sheet Resistances Obtained by Treatment at Room Temperature 


American Magnesium Corp. Oil-Finished Sheet. 


(75° F.) in 10% CrO,; Containing Na,SO, 
Treated After Vapor Degreasing 


Time 0.064-In. AM3S-O———————. AMC52S-O———— 
of % Na»SO, NaeSO, 
Treatment 0.03% 0.05% 0.07% 0.03% 0.05% 0.07% 
10 sec. >1100 120 101 1100 >1100 >1100 
(72-195) (42-225) (280—> 1100) 
30 sec. 116 65 25 290 190 220 
(62-240) 25-107) (170-820) (150-410) (110-310) (210-440) 
1 min. 115 63 84 120 84 210 
(49-245) (25-108) (46-120) (48-185) 68-125) (58-430) 
2 min. 33 14 36 140 36 48 
; (15-52) (11-17) (30-42) (46-330) (28-38) (40-53 
4 min. 23 6.5 23 69 42 74 
: (21-24) (6-7) (14-25) (39-87) (28-62) (40-130 
8 min. 22 10 ll 35 62 140 
(15-28) (6-13) (8-16) (21-51) (52-73) (95-175) 
15 min. 14 24 9 37 49 86 
(12-20) (19-30) (5-11) (20-55) (70-108 


Table 15—Effect of Temper and Gage on Sheet-to-Sheet Resistances Obtained by Treatment at Room Temperature (75° F.) 
in 10°, CrO; Containing Na,SO, 


Dow Chemical Co. Oil-Finished Mg — 1.5Mn (M) Sheet. 


Treated After Vapor Degreasing 


— ———$Sheet-to-Sheet Resistance, 
Time M-A —- — M-H ————_- 
of 0.040-In. 0.040-In. 0.040-In. 0.040-In. 0.064-In. 
Treatment (Batch 1301) (Batch 1634) 0.064-In. (Batch 1301) (Batch 1522) (Batch 1828) 
10 sec. >1100 >1100 550 86 90 200 
220-> 1100) (41-170) (64-180) (37-360) 
30 sec. 1100 >1100 190 50 53 210 
(1040-> 1100) (538-450) (73-84) (30-88) (150-370) 
1 min. 300_ 490 130 71 45 130 
(105-550) (370-630) (55-245) (36-160) (16-88) (35-170) 
2 min. 77 58 25 52 59 
; (23-52) (56-105) (37-90) (45-60) (45-60) (38-82) 
4 min. 17 16 25 7 53 
: (13-22) (12-18) (20-31) (4-6.5) (5-8) (18-98) 
8 min. 6 ‘ 10 24 3.3 6 38 
: (6-6. 5) (9-13) (11-43) (2.5-3) (5.5-6.5) (16-69) 
15 min. 5- 5 23 f 4.5 24 
(5-5) (5-6) (14-45) (2.5-2.5) (3.5-5.5) (9-40) 
ful cleaning in CrOs; solutions. The Mn 


sheet has a white, milky matte finish, be- 
coming whiter on overtreatment; there is 
no smut removable on wiping a freshly 
treated surface dry. The 3Al — 1Zn 
sheet bears a white, metallic matte finish, 
which becomes gray and smutted on pro- 
longed treatment. The 6Al — 1Zn sheet 
carries a light gray matte when properly 
treated but becomes almost black when 
overtreated; the light gray film on 
properly prepared sheet does not rub off 
once the stock is dry. 

The overtreatment effects mentioned 
develop only in CrO;-Na2SQO, solutions in 
which continuous reaction occurs. Sheet 
cleaned in plain CrO; solutions has the 
surface appearance characteristic of proper 
treatment no matter what time of treat- 
ment is employed. 


Influence of Temperature of Solution 


Variation in the temperature of the 
treating bath, at least within the normal 
range of room temperature (60-90° F.), 
has no important effect on the sheet-to- 
sheet resistances obtained in plain CrO, 
solutions. At very short treatment times 
(1 min. and less), a slowing of the cleaning 
reaction in the 60° F. solution was appar- 


178-s 


0. 064-In 
(Batch 2322 


260 
(145-360 
71 
(20-87 
47 
(20-130) 
32 
(17-44) 
24 
(6-51 

7 
(4-12) 
4 

(3-5 


Table 16—Effect of Temper and Gage on Sheet-to-Sheet Resistances Obtained by 
Treatment at Room Temperature (75° F.) in 10% CrO; Containing 0.05" Na,SO, 


American Magnesium Corp. Oil-Finished Mg — 1.5 Mn (AMBS) Sheet. Treated After 


Time 
of 
Treatment 


10 sec. 
30 sec. 
1 min. 
2 min. 
4 min. 
8 min. 


15 min. 


ent. 


Vapor Degreasing 


-—_——Sheet-to-Sheet Resistance, Microhms 


———— AM3S-0 — ~ 
0.040 In. 0.064 In. 
79 120 
(15-220) (72-195) 
65 
(7-14) (25-107) 
63 
7-12) (25-108) 
7 14 
(6-9) (11-17) 
5 6.5 
(5-6) (6-7) 
3.5 10 
(3-3. 5) (6-13) 

24 


Satisfactory treatment was obtained 
even when using the solution hot at 180° F. 
These facts are consistent with the view 
that the cleaning attack on American 
Magnesium sheet in plain CrO; solutions 
was rapid, and that once complete, there 
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>1100 


> 1100 


1100 


_(630-> 1100) 


500 
(340-640) 
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was no further reaction betwee! 
solution. | 

The cleaning reaction in 1! 
NaeSO, solutions, alth« 
tinuous, is also insensitive to t«! 
changes in the range from 60-! 


—- AM3S-H 
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of 0.040 In. 


FSI-A - 
0.040 In. 


Treatment (Batch 888) (Batch 869) 
10 sec. 330 1100 
(265-375) (980—> 1100) 
30 sec. 170 S80 
(145-350) (580-—> 1100) 
| min. 86 150 
(66-110) (140-165) 
2 min. 55 80 
(45-66) (55-105) 
} min. 36 40 
(20-52) (37-43) 
§ min. 27 37 
(22-30) (43-91) 
15 min. 21 25 
(20 34) 


23) (20-% 


Table 17—Effect of Temper and Gage on Sheet-to-Sheet Resistances Obtained by 
Treatment at Room Temperature (75° F.) in 10% CrO, Containing 0.05", Na,SO, 


Dow Chemical Co. Oil-Finished Mg -3Al-1Zn (FS1) Sheet. 
Degreasing 


Sheet-to-She 


Treated After Vapor 


et Resistance, Microhms——— —— 


— - FS1-H 
0.064 In. 0.040 In. 0.064 In. 
340 500 71 
(77-460) (280-360) (29-100) 
111 110 16 
(93-145) (64-145) (15-20) 
107 102 10 
(73-175) (64-145) (7-16) 
60 56 14 
(48-83) (30-85) (11-22) 
30 17 9 
(25-37) (9-29) (6-14) 
20 16 6 
(14-24) (13-18) (6-7) 
12 10 5 
(9-19) (8-11) (5-5) 


Time 


of 


AMC52S-0- 


treatment times greater than 2 min. the 
solution is about equally effective at any 
temperature in this range. 


Effect of Substituting Technical for 
Chemically Pure CrO, 


The possibility of substituting technical 

CrO; for chemically pure 
CrO; was investigated because of the 


Table 20—Effect of 


1947 


Table 18—Effect of Temper and Gage on Sheet-to-Sheet Resistances Ob 
by Treatment at Room F.) in 10% CrO; Containing 0.05‘; 
a 


American Magnesium Corp. Oil-Finished Mg -3Al-—1Zn (AMC52S) Sheet. 
After Vapor Degreasing 


American Magnesium Corp. 0.040-In. Oil-Finished Sheet. 


tained 


Treated 


Sheet-to-Sheet Resistance, Microhms——— 


- AMC52S-H 


— 


Treatment 0.040 In. 0.064 In. 0.040 In. 0.064 In. 
10 sec. 630 >1100 >1100 900 
(470-780) (500—> 1100) 
30 sec 77 190 370 75 
(47-115) (110-310) (350-400) (45-150) 
1 min. 37 84 48 59 
(32-40) (68-125) (33-49) (32-96) 
2 min 35 36 35 40 
(30—40) (28-38) (25-42) (21—59) 
4 min 72 42 73 28 
(48-100) (28-62) (64-105) (18-38) 
§ min. 61 62 58 54 
(57-66) (52-73) (55-65) (43-64 
15 min 54 49 61 35 
(44-57) (36-55) (58-67) 


(29-40) 


greatly reduced cost of the former. The 
results showed that the substitution does 
not affect the results obtained in either 
plain CrO;, or CrO;-NaeSO, solutions. 
However, it should be pointed out that 
sulphuric acid is commonly used in the 


preparation of CrO;. Some _ technical 


grades of CrO; may therefore contain suf- 
ficient sulphate ion to markedly influence 
the treating characteristics of their solu- 
tions. 


(75° F.) 


Sheet-to-Sheet Resistance, Microhms—— 


Allov — After Treatment Time of 
Pe Oy 4 Min. 15 Min. 30 Min. 2 Hr. 
AM3S-0 6 6 4.5 5.5 
AM3S-1 7) 7) 5) 6) 
(8-10) (6-10) (9-9) (9-10) 
AMC528.0 12 i4 i4 
(13-17) (10-16) (13-14) (12-16) 
AMC52S- 1 38 23 20 
25-45) (17-21) (21-25) (18-22) 


Table 19—Effect of Gage on Sheet-to- 
Sheet Resistances Obtained by Treat- 
ment at Room Temperature (75° F.) 
in 10% CrO, Containing 0.05"; Na,SO, 


Dow 


Chemical Co. Plain-Finished Mg- 
6Al-1Zn (J1-H) Sheet. Treated After 


Vapor Degreasing 


Sheet-to-Sheet Resist- 


Time of ance, Microhms, J 1-H 
Treatment 0.040 In 0.125 In 
10 sec. 42 
(30-53) 
30 sec. 21 
(18-25) 
1 min. 17 
(15-19) (6-10) 
2 min. 11 8 
(8-12) (6-10) 
4 min. 9g 5 
(8-9) (4.5-5.5) 
8 min. 6 6 
(5-7) (4-6) 
15 min. 6.5 5 
(6.5-7) (4-6) 


Importance of Drying Without Wiping 


The extraordinary sensitivity of the 
wire-brushed surface to wiping with a 
clean towel led to a brief study of the most 
effective method of drying the sheet after 
chemical cleaning. Table 22 contains data 
demonstrating that the resistances ab- 
tained on sheet that is wiped dry are 
definitely higher than those obtained on 
sheet dried in air. The increase in re- 
sistance due to wiping is sufficiently great 
in some cases to affect weldability seri- 
ously. Figures 1 and 2 compare the re- 
sistance-time of treatment characteristics 
obtained when the specimens are air 
dried with those obtained when they are 
wiped dry. With AM3S-O sheet (Fig. 1), 
the whole characteristic is shifted toward 
higher resistances by the wiping operation. 
The peculiarity of obtaining lower resist- 
ances at very short treatment times, and 
increasingly higher resistances at longer 
times, with wiped Al-Zn bearing FS1-H 
sheet (Fig. 2) is not readily explainable. It 
should be pointed out, however, that the 
observed overtreatment effects with AM- 
3S-O and with FSI-H are different: the 
surface of the Mn alloy remains bright, 
while the surface of the Al-Zn alloy be- 
comes slowly smutted and gray. It might 
reasonably be anticipated that the two al- 
loys would exhibit a different reaction to 
wiping 


Treated After Vapor Degreasing 


Loss in 
~ Thickness After 
8 Hr 8 Hr., In 
6.5 1. 0.0000 
(6-7) 2. 0.0008 
10 1. 0.0001 
(9-13. 5) 2 0.0000 
13 1. 0.0002 
(9.5-15. 5) 2. 0.0008 
17 1. 08.0000 
(16-19) 2 0.00038 
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Table 21—Effect of Overtreatment on Sheet-to-Sheet Resistances Obtained by Treatment at Room Temperature (75° F.) in 
10% CrO; Containing 0.05°7, Na,SO, 


0.040-In. Oil-Finished Sheet. Treated After Vapor Degreasing 


Loss in 
Thickness 
——_———_——Sheet-to-Sheet Resistance, Microhms, After Treatment Time of ————————. After 
Alloy 4 Min. * 15 Min. 30 Min. 2 Hr. 8 Hr. S Hr. Ia. 
AM3S-O 5 3 2.5 2 2 1. 0.0006 te 
(5-6) (2.5-3.5) (2.5-2.5) (2-2.5) (1.5-2) 2. 0.0006 oy 
AM3S-H 22 3.5 2.5 2 2 1. 0.0007 
(6-43) (3-4) (2-3) (2-2.5) (2-2) 2. 0.0006 
AMC52S-O 72 54 43 28 18 1. 0.0010 
(48-100) (44-57 (33-53) (23-35) (16-19) 2. 0.0009 
AMC52S-H 73 61 42 34 20 1. 0.0015 
(64-105) (58-67) (36—46) (25-46) (19-22) 2. 0.0013 
M-A 17 5 3.5 2. 2 1. 0.0013 
(13-22) (5-5) (3-4) (2-3) (2-2) 2. 0.0012 
M-H 2.5 3 2.5 1 0.0008 
(4-6. 5) (2.5-2.5) (3-3) (2-3) (2-2) 2. 0.0011 
FSI-A 21 40 21 13 1. 0.0004 
(20-52) (20-23) (21-61) (18-23) _ 13) 2. 0.0005 
FS1-H 1 10 18 10 1. 0.0006 
(9-29) (8-11) (7. 5-26) (8-13) (7-8) 2. 0.0009 
J-H 9 6.5 7 9 11 1. 0.0005 
(8-9) (6.5-7) (7-7 . 5) (8-9) (11-11) 2. 0.0003 
Dark gray Dark gray 
— — 
Other experiments indicated that it was less on the magnitude of the pressure has a high resistance (Fig. 3) or a low 
possible to use a warm water rinse and/or clamping them together. Figures 3, 4 and resistance (Fig. 5). The drop is relatively ; 
a'warm air blast to speed the drying opera- 5 show the effect, when using 4-in. R dome slight and gradual with the harder, thicker Ss 
tion without affecting the resistances ob- welding electrodes to apply the pressure, Ji-H sheet in 0.125-in. gage (Fig. 4). 
tained. The blast from an ordinary fan of varying the force between 500 and 2000 Since the resistance-force, curves are 
was satisfactory for small-scale operations. lb. With the soft AM3S-O alloy in nearly parallel, it apparently makes little 
0.040-in. gage, there is an abrupt drop in difference what force is used in determin- 
Effect of Electrode Force observed resistance as the electrode force ing comparison resistances on sheet of 
is increased from 500 to 1000 Ib., and a given composition, temper and gage. 
The observed sheet-to-sheet resistance more gradual drop between 1000 and On release of pressure, the sheet-to- 
of a pair of test specimens depends more or 2000 Ib. This is true whether the surface sheet resistance does not rise to its 
Bit x 
40 80 
AM3S-0 CHEMICALLY CLEANED \ 
- AFTER 4 2/3 HOURS: 
OVERALL AMOUNT OF TREATMENT 
336 SQ.IN.-HRS, PER LITER 
| | AVERAGE LOSS iN THICKNESS *.0008" 
| 
-4--F- /LBS. | | LOSS IN ACID STRENGTH 23% 
| } = | 
z Ri | | | | | 4 
‘ | | ul 
Q 
| T uj 200 + 
Be | | 
| | | 
T +— + + + 
ELECTRODE FORCE LBS. TIME OF TREATMENT IN MINUTES 
‘3. S—Etfect of Electrode Force on Sheet-to-Sheet Resist- Fig. 6—The Exhaustion of 10% CRO; + 0.08% NA,SO, by 
ance 4-In. R Domes 


Continuous Immersion of 0. 040. In. FSI-H, Room Tempera- 
ture (75° F.) 
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mental analytical relationships prevailing 
Table 22—Air Drying vs. Wiping of Chemically Treated Stock After Treatment in CrO; and CrO;-Na2SO, solutions is pre- 


and Rinsing sented in the Appendix. 
Sheet-to-Sheet Resistance, Oxidation Normality 
Microhms 
. Gage, = Air Wiped The procedure for oxidation normality 
Alloy In. Finish Chemically Cleaned in Dried Dry is volumetric and can be rapidly carried Acu 
AM3S-O 0.064 Plain 10% CrO; 6.5 410 out. The following reactions are involved: p 
M-A 0.040 Oil 10% CrO; + 0.05% NaxSO, 12 760 14H * + + 61- 
(10-18)  (310->1100) —>2 + + 31, solu 
AM3S-H 10% CrO; after 2-min. hot 20 580 hyd 
alkaline preclean (13-32) (510-680) I; + 2S:0;-~-—>S,0--~ + 21 high 
AMC52S-O 0.040 Plain 10% CrO; after 2-min. hot 63 >1100 taine 
alkaline preclean (41-92) A 10.00-ml. sample of the solution to be expe 
FS1-H 0.064 Oil 10% CrO; + 0.05% NasSO, 20 170 analyzed is transferred to a volumetric A 
(16-27) (85-380) flask and diluted to exactly 500 ml not 
Ji-H 0.040 Plain 10% CrO; +0.05% NaSO, 9 12 Twenty-five ml. of the dilute solution is 
norm 
(8-10) (10-15) withdrawn and placed in a 250-ml. iodine inten 
SS ae —— flask. Three gr. of c.p. potassium iodide itself 
original value but remains practically 
constant. This fact suggests that the ad- Table 23—Analytical Data on 10% CrO, - Na.SO, Seliitndine Used in cise: Ev 
vantages of a low sheet-to-sheet resistance Experiments ae 
in welding might in certain cases be ob- —Amount of Treatment Free ree 
tained by precompressing at high pressure Sq,In./ Sq. In.-Hr./ CrO; Acid Mg. BaS0O,/50 Pie 
prior to initiating the normal welding Liter Liter Normality Normality M1. pH ~~ ; 
cycle. A. Exhaustion of 10% CrO; + 0.05% NaSO, by continuous immersion of 0.040-in “rel 
FS1-H: 
0 0 2.97 0.99 39.8 0.00 substr 
Analytical Methods 427 336 2.97 0.76 45.3 0.01 In t 
CrO; solutions behave essentially as 2.96 
solutions of dichromic acid, The B. Exhaustion of 10% Cr0, + 0.08% Nass by A lilutes 
acid is formed by reaction between the 0 99 
oxide and solvent water. 683 293 2.84 0.45 73.9 0.05 i 
thorou 
2CrO; + 2H,O—+4H + +2Cr0,-- and w 
+H.O Exhaustion of 10% CrO; + 0.05% NaeSO, by treatment of successive pieces ot 
0.040-in. M-H: 
or, writing the over-all reaction, 0 0 nae 0.95 ~ 9 
1240 130 2.85 0.73 41.6 
2CrO; + H,O—+2H* + Cr.0; 
Table 24—Analytical diets on 20°; CrO; Solutions Used in dnnation Experi- (KI) are added and, when this has dis 
ments solved, 5 ml. of concentrated hydrochlori 
—Amount of Treatment— Free acid. The mixture is allowed to stand in 
Sq. In. Sq. In.-Hr./ CrO; Acid Mg. BaSO,/50 the dark for 15 min., then diluted wit! 
Liter Liter Normality Normality Ml. 100 ml. of distilled water and titrated wit! 
A. Exhaustion of 20% CxO, by continuous immersion af 0.040-in. AM3S-O: previously standardized approximately v 
0 5 97 94 3.3 0.1 N sodium thiosulphate (Na2S.O;). Neat 2 
427 32,000 5.97 7 85 15.6 the end point starch indicator solution 1s % om 
B. Exhaustion of 20% by treatment of successive pieces of 0.040-in. AM3S-O: added. The end point is marked by th 4 
4 0 5.82 1.90 3.0 sudden disappearance of the purple starch 2 
2620 176 5.78 1.58 84.4 iodine color, leaving a clear green solution @ z 
(due to chromic ion, Cr**). 
- 
q 
On use the free acid is partially neutrali angen ia 
Partially neutralized 25—Rejuvenation of Exhausted 107% CrO, + 0.05% Na,SO, by: (A 
of HNO; to Bring Acid Strength Back to “Original Value. (B) Addition of ‘$0 
sium metal, ete. The dichromate ion, to Bring Acid Strength Back to Original Value. (C) Addition of 0. 02°, Na: ¥ 
Cr.0O;-~, is also partially reduced to 
chromic ion, Cr**. Oil-Finished 0.040-In. M-A (Batch 1301). , Treated After Vapor Degreasing : m 
Analytical procedures applicable to Resistance, Microhms— z | 
lain CrO,; and CrO,-N, solutions 2% 
eterminations are necessary: > 1100 520 > 1100 4 
1. Oxidation normality, which meas- (500-610) » ss 
; men 30 sec 1100 210 >1100 2 
ures the unreduced Cr.O; or 
(730-> 1100) (180-250) 
CrO; concentration. ‘ 610 
2 Aci 1 min. 380 104) 
2 cid normality, which may be (200-520) (32-81) (460-800) 4 
transformed by computation into 2 min. 240 50 160 95-48) & 
the concentration of unneutral- (180-310) (40-61) (85 
ized HyCr2O; or CrOs. 4 min. 100 340 820 354)) ») 
pressed here as milligrams of (43-53) (640-> 1100) (160-360) : 
barium sulphate (BaSO,) from 50 te 45 1100 130 4 
ml. of the solution analyzed. (31 (900—> 1100) (100-150) 5 bak 
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Oxidation normality = 


10.00 


Acid Normality 


pH as measured by the glass electrode is 
not a reliable determination in the CrO, 
solutions used in this work because the 
hydrogen ion concentration is relatively 
high. Very low (<0.5) pH values are ob- 
tained, and a serious drift in readings is 
experienced. 

A single direct titration with alkali can- 
not be used for determining the acid 
normality because, first, the solution is 
intensely colored and, second, the Cr.O0;~ 
itself reacts with alkali. 

Cr:0;-~ + 20H- 2CrO,-— + 

Even when color difficulties are over- 
come by employing electrometric equip- 
ment to indicate the end point, the 
Cr.0;-~ concentration must be known be- 
fore the acid normality is calculated, in 
rder that the alkali used to convert 
lichromate ion to chromate ion can be 
substracted from the total. 

In the procedure used here, neutral lead 
nitrate (Pb(NOs3)2) is added to a largely 
liluted sample to precipitate all Cr,0;~~ 
is insoluble lead chromate (PbCrO,). The 
yellow salt is separated by filtration and 
thoroughly washed. The colorless filtrate 
ind washings are combined and titrated 
with alkali 


AFTER 3 HOURS: 

OVERALL AMOUNT OF TREATMENT = 
293 SQ, INW“HRS PER LITER 
AVERAGE LOSS IN THICKNESS <,0015" 
LOSS IN ACID STRENGTH «= 54% 


2Pb,* + Cr,0;-- +H,0 
——+>2PbCrO, + 2H* (1) 
Ht + OH- ——>H,0 


It should be noted that by Equation (1) 
acid is liberated. This must be corrected 
for by subtracting from the observed acid 
normality one-third ('/;) of the oxidation 
normality, which is a measure of the 
Cr,O;-~ concentration. The equivalent 
weight of the Cr.O;~~ as an oxidizing 
agent is one-third its equivalent weight as 
an acid producer. 
6e + Cr,0;,-- + 14H *——+2Cr** + 7H,0 

Cr.O; + H,O —+2CrO,- 2H* 

A 5.00-ml. sample of the solution to be 
analyzed is transferred to a 400-ml. beaker 
and diluted to about 200 ml. with water. 
Twenty per cent Pb(NO;). solution is 
added—10 ml. when the sample is a 10% 
CrO; solution, 20 ml. when it is a 20% CrO; 
solution—to completely precipitate all the 
Cr.0; as PbCrO,. The yellow chro- 
mate is separated by filtration through a 
Gooch crucible; the beaker, precipitate 
and filter are washed thoroughly with dis- 
tilled water. The combined filtrate and 
washings are transferred to an Erlenmeyer 
flask and titrated to the clear yellow color 
of methyl orange with standardized ap- 
proximately 0.5 sodium hydroxide 
(NaOH). 


Observed Acid normality = 
(ml.NaOH) (normalityNaoH) 
5.00 


True acid normality = observed acid 
normality — '/; oxidation normality 


Sulphate Ion Concentration 


The procedure for sulphate ion concen- 
tration depends upon the precipitation, 
separation and weighing of insoluble 
barium sulphate (BaSO,) after reducing 
hexavalent chromium (Cr,0O;~~) to tri- 
valent chromium (Cr**) by boiling with 
alcohol. The method is gravimetric and 
relatively slow. 

To a 50.00-ml. sample of the solution to 
be analyzed are added 7 ml. of concen- 
trated hydrochloric acid, 25 ml. of glacial 
acetic acid and 15 ml. of alcohol. The 
solution is boiled gently for 15 min., di- 
luted to 150 ml. and reheated to boiling. 
Ten ml. of 10% barium chloride are added 
slowly with stirring and the mixture 
allowed to stand for at least 1 hr. on a 
steam bath (preferably overnight). 

The BaSO, is separated by filtration on 
a very fine ashless filter paper, washed 
thoroughly with distilled water containing 
0.1% barium chloride and 1.0% hydro 
chloric acid to remove chromium, and 
finally a few times with water alone. It is 
ignited and weighed as BaSO,. Results 
are recorded as milligrams BaSO, frofh 50 
ml. of solution. 


The Exhaustion Characteristic of CrO; 
Solutions 


The behavior of plain CrO; and of CrO; - 
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oe The Exhaustion of 10% CRO; + 0.08% NA.SO, by 
Minuous Immersion of 0.040-In. M-A, Room Tempera- 


ture (75° F.) 


TIME OF TREATMENT IN MINUTES 


EXTENT 


SURFACE TREATMENT OF MAGNESIUM FOR SPOT WELDING 


OF USE 


IN IN.-HRS. PER LITER 


Fig. 8—Relation Between Extent of Use and Sheet-to-Sheet 
Resistances Obtained with 0.040-In. M-A (Batch 1301) in 
10% CRO; + 0.05% NA.SO, 
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Table 26—Rejuvenation of Exhausted 10% CrO, + 0.05% Na,SO, by Addition of 


Na 4 


Oil-Finished 0.040-In. M-A. Treated After Vapor Degreasing 


Sheet-to-Sheet Resistance, Microhms ~ 
Time Plus Plus Plus 
of 0.01% 0.02% 0.03% 
Treatment Fresh Exhausted NaeSO, Na2SO, Na2SO, 
10 sec. >1100 >1100 >1100 >1100 >1100 
30 sec. 360 1040 >1100 380 >1100 
(135-520) (980-—> 1100) (350-450) (850-> 1100) 
1 min. 76 980 620 110 500 
(42-135) (870-1050) (125->1100) (49-210) (250-630) 
2 min. 17 240 130 43 150 
(15-21) (170-280) (62-180) (37-49) (75-225) 
4 min. 13 150 30 35 85 
(11-16) (70-190) (24-38) (28-42) (51-130) 
8 min. 5 130 16 19 20 
(5-6) (34-210) (12-21) (14-24) (8-34) 
15 min. 200 16 25 
(4-5) (180-225) (6-7) (13-22) (21-30) 


Na2SO, solutions on continued use was 
studied in two types of experiments. 

1. Where the solution was allowed to 
act continuously upon a known 
number of test specimens of 
known dimensions. At intervals 
other specimens were introduced 
and treated for standard times in 
order that the cleaning power of 
the solution could be evaluated. 

2. Where the solution was used by 
treating successive test specimens 
for standard times, and the spend- 
ing was followed by measuring 
the resistance of the specimens so 
treated. 


CrO3 - Na2SO, Solutions 

Figure 6 demonstrates the exhaustion of 
750 ml. of 10% CrO; - 0.05% NasSO, 
solution by continuous immersion of six 
1- x 4-in. pieces of 0.040-in. FS1-H. After 
4*/,; hr., when the over-all amount of 
treatment was 336 sq. in.-hr. per liter, the 
solution was incapable of producing a 
resistance below 280 microhms even with a 
15-min. treatment time. As has been 
mentioned before, chemical action is con- 
tinuous in 0.05% Na2SO, solutions, and 
the average loss in specimen thickness 
after 4*/; hr. was 0.0008 in., a relatively 
considerable amount. 

The exhaustion of 10% CrO; + 0.08% 
NasSOQ, by continuous immersion of 
0.040-in. M-A is graphed in Fig. 7. Attack 


is more vigorous with this higher-than- 
recommended concentration of NaszSO,. 
The solution is extensively spent after 
only 3 hr., when the amount of treatment 
totals 293 sq. in.-hr. per liter. The average 
loss in thickness is almost twice that in the 
0.05% solution. 

Experiments showed that these spent 
solutions had also lost their power to clean 
effectively sheet of other compositions and 
tempers. 

In Fig. 8 are presented results obtained 
by treating successively test specimens of 
0.040-in. M-A in a 10% CrO; - 0.05% 
Na:SOQ, for standard treatment times. 
After only 60 sq. in.-hr. per liter of treat- 
ment, the 4-min. resistance had risen from 
the original 16 microhms to 100 microhms. 
The 8-min. resistance reached 100 mi- 
crohms after about 100 sq. in.-hr. per liter 
treatment, and after 130 sq. in.-hr. per 
liter the 15-min. value was 73 microhms. 

It is apparent that the life of a CrO; - 
Na,SO solution is rather short. Table 23 
which contains the analytical data on the 
solutions used for obtaining Figs. 6, 7 and 
8 shows that the significant change in 
composition on spending is a loss in free 
acid strength. This loss, with the 0.05% 
Na2SQ, solutions, does not exceed 25% be- 
fore the solution becomes practically use- 
less. If the concentration of NasSO, is 
greater—say, 0.08°%%—the permissible loss 
is somewhat greater. This constitutes no 
advantage, however, since the attack is 


much more rapid, and the over-all amount 
of treatment available is less. 

The loss in acid strength on use may be 
interpreted as representing the neutraliza. 
tion of free dichromic acid, HzCr,0,, by 
solution of magnesium compounds and 
magnesium metal. There is no significant 
reduction of dichromate ion to chromic 
ion (little loss in CrO; normality), and 
some gain in sulphate ion concentration, 
The pH is obviously not a reliable deter- 
mination in these solutions. 


Plain CrO; Solutions 


In plain CrO; solutions a more useful 
way of expressing the amount of treatment 
is in sq. in. per liter. The surface area 
which has been treated per unit volume 
determines the loss in free acid normality 
(Table 24). Time is not a factor since the 
attack is not continuous. In experiment 
A, six 1 x 4-in. pieces of 0.040-in. M-A 
were immersed continuously in 750 ml. of 
20% CrO; for 500 hr. The 4-min. re- 
sistance was 4 microhms at the start and 
5 microhms at the end; the loss in free 
acid strength was correspondingly small. 
The average loss in thickness was less than 
0.0001 in. 

In experiment B, 2620 sq. in. per liter of 
treatment was accumulated by treating 
successive pieces of 0.040-in. AM3S-O for 
the standard 4-min. time. The 4-min. re- 
sistance at the start was 4 microhms; at 
the end, 16 microhms. There was a 17% 
loss in acid strength. 

It is apparent that plain CrO; solutions 
have a much longer life than those con- 
taining Na2,SO, because the cleaning re- 
action is self controlled. The bubbling 
attack comes to a halt in less than a min- 
ute, and the free acid strength is not di- 
minished further thereafter. For cleaning 
American Magnesium Corp. sheet, for 
which a choice of using plain CrO; of 
CrO; - Na2SQ, solutions can be made, the 
plain CrO, solutions offer the advantages 
of longer life, greater economy and greater 
ease of analytical control. 


The Rejuvenation of CrO;-Na.SO, 
Solutions 


The short life of CrO;-Na2SO, solutions, 
and the fact that only a small fraction 0! 
the free acid strength can be used belore 
the cleaning power is seriously affected 
added importance to a study of rejuvens 


Table 27—Repeated Rejuvenation of Exhausted 10% CrO,; + 0.05% Na,SO, by Addition of Na,SO, 
Oil-Finished 0.040-In. M-A. Treated After Vapor Degreasing 


Sheet-to-Sheet Resistance, Microhms = 


Time After Plus After Plus rw! 
of First 0.03% Second 0.03% Leon 
Treatment Fresh Exhaustion Na2SO, Exhaustion 
10 sec. >1100 >1100 >1100 >1100 >1100 t 
30 sec. 360 1040 1100 1100 >1100 = 
(135-520) (480-> 1100) (700-> 1100) 
1 min. 76 980 500 670 1100 
(42-135) (870-1050) (250-630) (120-1070) 
2 min. 17 240 150 660 960 . 
(15-21) (170-280) (75-223) (170-1060) (870-> 1100) 
4 min. 13 150 85 480 380 
(11-16) (70-190) (51-130) (340-720) (120-670) ny 
8 min. 5 1 20 400 46 m 
(5-6) (34-210) (8-34) (350-460) (36-70) 104 
15 min. 4 200 25 240 é 
(4-5) (180-225) (21-30) (180-270) (18-36) 
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Table 20-—-Rnalartieas Sate on 10% CrO, + Na,SO, Solutions Used in Repeated 


austion and Rejuvenation Experiment 


Oil-Finished 0.040-In. M-A 
Tota 


Amount of Treatment, 
Sq. In.-Hr./Liter 


Condition 
of Solution 


Fresh 0 
After first exhaus- 317 
tion 
After addition of 524 
0.083% 
and second ex- 
haustion 
After addition of 597 
0.08% 
and third ex- 
haustion 


_—— 1301). Treated After Vapor Degreasing 


CrO; Acid Mg. BaSo, /50 
Normality Normality Ml. 

3.16 1.03 44.1 

2.96 0.75 43.6 

2.90 0.47 72.2 

2.82 0.27 99.1 


tion methods. Table 25 presents the re- 
sults of preliminary experiments on a 10% 
CrO; — 0.05% NazSO, solution exhausted 
by continuous immersion of 0.040-in. M-A. 
Addition of nitric acid, HNO;, to bring the 
free acid strength of the solution back to 
its original value improved the resistances 
obtained at short treatment times, but 
those obtained in the time range from 4-16 
min. were higher than with the exhausted 
solution. When the lost acid strength was 
made up by addition of CrOs, the cleaning 
power of the exhausted solution was di- 
minished rather than improved. 

The addition of 0.02% NazSQ,, however, 
revived the solution remarkably. In Table 
26 are shown data taken during a more 
thorough investigation of the rejuvenation 
of a spent 10% CrO; — 0.05% NaSO, 
solution by addition of Na,SO,. It is 
apparent that to obtain best results in the 
normal range of treatment times (1-8 
min.), 0.02% NasSO, was the proper 
quantity. A solution containing 0.03% 
was overactive as evidenced by too-violent 
bubbling and higher resistances. 

A solution which has been once reju- 
venated and again exhausted can be re- 
vived for a second time by addition of 
more Na»SO,, although it does not respond 
is well the second time (Table 27). By 
such repeated addition of Na»SO,, the 
free acid strength of the experimental 
solution was finally lowered to one-quarter 
of its original value (Table 28). The po- 
tential acid strength of the solution can be 
said to have been 75% utilized. It will be 
noted, however, that only a small amount 
of treatment was made available by the 
second rejuvenation. 

In order to utilize the maximum amount 
of the acid in the treating solution, and at 
the same time to keep the solution 
“perating most effectively, the rejuvenat- 
ing chemical (Na»SO,) should be added in 
Proper proportion to the amount of treat- 
rap which the solution has performed. 
“ince measurement of the amount of treat- 
a ii square foot-hours per gallon is not 
“Cinarily feasible, other methods of con- 
One such method for 

at n wou involve the 
the eae at Irequent intervals during 
a ag of the solution, of the acid 
4 : concentrations. These 
when “he visa: vasis for further additions 
his established. 
é established that the 
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initial concentration of sodium sulphate 
should be 0.05%, and that after the first 
exhaustion, which occurred when the acid 
strength had fallen to 75% of its initial 
value, a further addition of 0.02% NazSO, 
would restore the solution to its proper 
activity. In practice it would not be 
satisfactory to permit the solution to be- 
come so far exhausted before making any 
addition. Frequent small additions would 
tend to keep the solution uniformly ef- 
fective. In order to use this method of 
control it would be necessary to establish 
experimentally the limits of sulphate ion 
concentration which would result in satis- 
factory surface contact resistances for each 
successively lower acid strength during the 
useful life of the solution. 

Control charts could be prepared to 
show the upper and lower limits of sul- 
phate ion concentration for each acid 
strength. Since the determination of sul- 
phate ion concentration is somewhat te- 
dious, it is quite possible that a simpli- 
fication of the control procedure could be 
worked out by establishing a direct rela- 
tionship between total sulphate additions 
and acid strength. Thus by determination 
at suitable intervals, for example 24 hr., of 
the acid strength, and by reference to the 


record of total sulphate additions, it 
should be possible to determine the 
amount of further addition required at 
any time. 


Origin of Differences Between American 
Magnesium Corp. and Dow Chemical Co. 


Despite the important advantage of 
plain CrO; solutions, they were not, gen- 
erally speaking, successful in treating sheet 
supplied by the Dow Chemical Co. 
Experiment showed that 20% CrO;, which 
cleaned all American Magnesium Corp. 
material to low resistances in reasonable 
times, failed on most Dow sheet regardless 
of length of treatment, temperature of 
solution, or whether an alkaline preclean 
was employed. 

The difference between stuck from the 
two manufacturers was not attributable 
to any inherent difference in the body of 
the sheet. After stripping off the surface 
layers by wire brushing or with acetic acid, 
material of corresponding composition 
gave very similar resistances on treatment 
in plain CrO; solutions under identical 
conditions. 

For a time it was thought that the pro- 
tective oil being used by the Dow Co. in 
finishing their sheet was actually reacting 
with the metal to produce a chemica] coat- 
ing resistant to attack in plain CrO; solu- 
tions. Experimental verification for this 
view could not be found. A number of 
specimens of American Magnesium plain- 
finish sheet were coated with Dow protec- 
tive oil and allowed to stand for 48 hr. 
This was expected to make the stock as 
difficult to treat as the Dow sheet. After 
subsequent degreasing, hot alkaline pre- 
clean and treatment in 10% CrO;, the 
sheet-to-sheet resistances were not differ- 
ent from those obtained with unoiled spe- 
cimens. 

In another set of experiments, specimens 
of American Magnesium and Dow sheet 
which had been wire brushed and allowed 
to stand in the oiled condition for 18 hr. 
showed, on subsequent chemical treat- 
ment, no higher resistance than sheet 


Table 29—Effect of Pickling Prior to Cold Rolling and Stress Corrosion Heat 
Treatment After Cold Rolling on Treatability of American Magnesium Corp. and 
Dow Chemical Co. Sheet 


—Sheet-to-Sheet Resistance, Microhms— 
After 4-Min. Treatment in 


Surface Heat 10% CrO; 
Treatment Treatment After 10% CrO; 
Prior to After Alkaline + 0.05% 
Material Cold Roll Cold Roll 20% CrO; Préclean Na2SO, 
AMC52-S = Sulfuric-citric None 530 1100 22 
pickle (310-890) (860-> 1100) (18-28) 
AMC52-S Sulfuric-citric Shr., 1000 780 22 
pickle 250° F. (910->1100) (390-1050) (21-26) 
AMC52-S_ Abrasively None 37 370 8 
cleaned (170-400) (200-670) (7-9) 
AMC52-S__ Abrasively Shr., >1100 720 
cleaned 250° F. (460-1100) (7-9. 5) 
FS1 Acetic pickle None 1100 270 18 
(1010-> 1100) (140-530) (12-23) 
FS1 Acetic pickle 8hr., 1100 530 2 
250° F (1030->1100) (230-1090) 20-28) 
FS1 Abrasively None 600 1100 i) 
cleaned (210-—> 1100) (540-> 1100) (7-10) 
FS1 Abrasively Shr., 430 1100 6 
cleaned 250° F. (250-690) (290-—> 1100) (4-8. 5) 
Jl Sulphuric-citric None 1100 850 61 
pickle (800-> 1100) (590-> 1100) (49-77) 
ji Sulphuric-citric 8hr., 1100 1100 12 
pickle 250° F. (780->1100) (1060->1100) (11-13) 
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which had been wire brushed only and 
then subjected to the same chemical 
treatment. This is a further indication 
that the Dow protective oil does not pro- 
duce on the surface a chemical coating 
resistant to CrO; solutions. 

In view of the negative results from ex- 
periments involving the protective oil, a 
further careful study of fabricating meth- 
ods was made to discover the surface con- 
dition responsible for differences in treat- 
ability between sheet from the two manu- 
facturers. The customary procedure in 
fabricating hard-rolled magnesium sheet 
is to hot roll to within 15-20°% of the final 
thickness desired, then to remove rolled-in 
lubricant and scale by acid pickle, some- 
times followed by wire brushing to remove 
pickle film, and finally to cold roll without 
lubricant to the desired thickness. The 
sheet is then usually oiled or chrome pic- 
kled for protection. | 

A study of the above procedure, as em- 
ployed by the two manufacturers, indi- 
cated that the better treating characteris- 
tics of American Magnesium sheet might 
be caused by: 


1. A pickle residue left on the surface. 
2. Stresses locked in the surface during 
cold rolling. 


Table 29 presents the results of an ex- 
periment designed to test these possibili- 
ties. Hot-rolled sheet was stripped by 
pickling (average loss in thickness, 0.004 
in.) or by abrasive cleaning. After a 15% 
cold roll (final thickness of AMC52S and 
FS1 sheet, about 0.075 in.; for J1 sheet, 
0.064 in.), half of the material was heat 
treated for 8 hr. at 250° F. This is a 
treatment recommended to reduce stress- 
corrosion susceptibility (Dr. Hunter and 
associates, Rensselaer Polytechnic Insti- 
tute), and was expected to relieve surface 
stresses. 

On subsequent surface treatment, all of 
the samples behaved as typical Dow sheet. 
They were not cleaned effectively in 20% 
CrO; or in 10% CrO; after a 2-min. hot 
alkaline preclean, but responded satis- 
factorily to 10% CrO; containing 0.05% 
Na»SO, (Table 29). The effect of cold- 
rolling stresses is evidently unimportant. 
Although these experiments indicate that 
pickle residues have an insignificant influ- 
ence, later experiments verified the pres- 
ence of such residues on the surface of 
American Magnesium sheet and demon- 
strated their importance. In this experi- 
ment the swabbing and rinsing following 
pickling were probably too thorough. 

An interesting observation from Table 
29, although not of direct significance to 
these experiments, is the fact that sheet 
abrasively cleaned prior to cold rolling 
gave somewhat lower resistances on sub- 
sequent surface treatment in 10°% CrO;- 
0.05% NaeSO, than sheet cleaned by acid 
pickle. 

A reasonable explanation for the dif- 
ference in treating characteristics between 
American Magnesium and Dow sheet can 
be deduced from analytical data taken 
during exhaustion experiments. A _ por- 
tion of Tables 23 and 24 is reproduced 
here: 

The important increase in sulphate-ion 
concentration in 20% CrO; solutions 
which have been used to treat American 
Magnesium Corp. AM3S-O sheet indi- 


186-s 


and a 2-Min. Hot Alkaline Preclean 


(at Boiling Point). 


Table 30—Consistency of Sheet-to-Sheet Resistances Obtained by: (A) 4-Min. 
Treatment in 10° CrO; at Room Temperature (75° F.) After Vapor Degreasing 


(B) Wire Brushing 


Plain-Finished 0.040-In. AM3S-H. Treated After Vapor Degreasing ; Number of Specimen 


Pairs Prepared for Each Determination = 5; 


Number of Resistance Readings Taken for 


Each Determination = 25 


Chemically Treated 


A) 
Solution 1 

Maximum resistance, microhms 75 
Minimum resistance, microhms 17 
Range of resistance, microhms 58 
Average resistance, microhms 39 
Standard deviation, microhms 19.1 
Coefficient of variation, 49 


Wire Brushed 


A) B) B 
Solution 2 Set 1 Set 2 
60 34 30 
22 11 11 
38 23 19 
37 22 21 
8.9 6.8 5.8 

24 31 28 


Amount of Treatment, Mg. BaSO, 
Sq. In. per Liter per 50 M1. 


1. Exhaustion of 10% CrO; + 0.05% 
NasSO; by treatment of successive 
pieces of 0.040-in. M-A. 
40.9 
1240 41.6 
Exhaustion of 20% CrO; by continu- 
ous immersion of 0.040-in. AM3S-O. 
0 3.3 
427 15.6 
3. Exhaustion of 20% CrO; by treatment 


bo 


of successive pieces of 0.040-in. 
AM3S-O 
0 3.0 
84.4 


2620 


cated that there was residual sulphate on 
the sheet as it came from the mill. It will 
be noted: 


1. That there was no comparable in- 
crease in the sulphate-ion concen- 
tration of 10% CrO;-Na.SO, 
solutions used on Dow M-A sheet. 

2. That the increase in sulphate ion 
concentration when treating 
AM3S-O stock was roughly pro- 
portional to the surface area 
treated. 


The fact that American Magnesium 
sheet was treatable in plain CrO; solutions 
may therefore be ascribed to residual sul- 
phate. This may have come from the sul- 
phuric pickling solution used after hot 
rolling. When treated in plain CrO; solu- 
tions, American Magnesium sheet was sub- 
ject to an initial bubbling attack which 
ceased within less than 1 min. On the 


other hand, Dow sheet, which gave little 
indication of residual sulphate, showed no 
initial reaction. Apparently the attack 
on American Magnesium sheet ceased 
when the small amount of sulphate on the 
surface had been displaced into the solu- 
tion by the chemical attack. The brief 
reaction may be compared with the contin- 
uous attack that is observed when Na,S0, 
additions are used in CrO; solutions (10% 
CrO;-—0.05°% NaeSO,). 

The exact part played by the sulphate 
ion in activating CrO; solutions is a matter 
of speculation. Attempts to render Dow 
sheet treatable in plain CrO, solutions by 
predipping in solutions of Na,SO, or NaCl, 
concentration 2 and 10%, both at room 
temperature and 180° F. for times up to 
8 min., were unsuccessful. The test spe 
cimens were rinsed and dried after predip 
ping. Under these conditions yery littl 
residual electrolyte apparently remained 
on the surface. There was little visible 
attack on subsequent treatment in 10! 
CrO;. The specimens were, however, 
excessively corroded by the predip solu- 
tions, particularly at 180° F. 


Comparison of Chemically Cleaned with 
Wire-Brushed Surfaces 


Consistency of Surface Resistances 

An adequate method for surface prepa 
ration prior to spot welding should pro 
duce not only low but also consistent val 
ues of surface resistance. Table 3U pre 
sents data from an experiment designe 
to indicate the order of resistance consist 
ency obtainable by chemical cleaning, 4" 
to compare it with results from wit 
brushing. Each set was composed of 2 


Table 31—Shear Strength Consistency of Single Spot Lap Welds 


Plain-Finished 0.040-In. Stock. Treated After Vapor Degreasing 


Preweld Treatment....... Wire brushed 4 min. in 10% 4 min. wi 
CrO; after 2- CrO; after - 
min. hot al- min. hot a 
kaline pre- kali: pre 
clean cle 
Sheet-to-sheet resistance, microhms. . . .28 28 18 
(18-40) (8-42) (16-2. 
No. of shear strength specimens pulled. . 25 25 25 
Maximum shear strength, lb.......... . .363 365 44 ) 
Minimum shear strength, Ib...... os 195 330) 
Range of shear strength, lb.............178 170 115 
Average shear strength, Ib............. 276 305 ow) 
Standard deviation, Ib................. 50.4 46.6 24.8 
Coefficient of variation, %.............18.! 15.3 6.4 
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readings fall than to speak only of the av- 
Table 32—Effect of Method of Preweld Cleaning and of Sheet-to-Sheet Resistance “TSC of the set. Thus, resistances in the 


in. on Tip Life range from 0-10 microhms might be con- 
ang sidered excellent; from 11—20, good; from 
g Oil-finished 0.040-In. M-H (Batch 1301). Treated After Vapor Degreasing 20-40, fair; from 40-100, acceptable, and 
nen Average so on. 
for No. of Shear 
Method Sheet-to-Sheet * No. of Welds Welds Strength of Shear Strength Consistency of Single-Spot 
of Resistance, to to First Three Lap Welds in Sheet Cleaned Chemically 
“d Cleaning Microhms Copper Pickup Sticking Welds, Lb. and by Wire Brushing 
B Wire brush 17 3 10 280 
t 2 (12-20) Wire brushing and chemical cleaning 
) Chemical 270 5 31 319 may also be compared by the shear 
| (91-360) strength consistency of welds produced 4 
Q Chemical 5 16 > 200 296 under identical conditions in sheet pre- 
l (4-10) pared by the two methods. The cleaning 
5.8 Wire brush i , 2 48 264 method is but one factor which may influ- 
5 A ps: (12 20) “ 6 ence weld consistency. Others have been 
(52-270) discussed in previous reports from this lab- 
Chemical 5 14 > 200 239 oratory.4 Table 31 (columns 2 and 3) 
(4-6) compares the strength consistency of two 
little * Average of 10 readings, five each on two pairs of specimens. sets of 25 sound welds, having an approxi- 
mately equal average Strength, one made 
eased cleaned 0.040-in. AM3S-H stock. The 
n the resistance readings taken on 5 pairs of : The fact that consistency among sur- consistency is not very good in either, 
solu- specimens. The data were treated in ac- face resistance measurements is generally case, but that of welds in chemically 
brief cordance with the methods of statistical rather poor makes it more helpful to con- cleaned sheet is somewhat better. This 
mitin analysis recommended by the A.S.T.M.° sider the range within which a given set of tendency has been confirmed. 
The significant figures are the average 
10% resistance, the range of resistance and the 
coefficient of variation, which is a measure AVERAGE! TEMPERATURE 74°F | 
phate of consistency. RELATIVE « 23% | | 
natter It is seen (Table 30): ABSOLUTE «0.000296 LBS. WATE 
NaCl, tween the average resistances ob- z mel 
tained after treatment in the two 1 
ip That the two wire-brushed values < 1 | 
little 3. That the consistencies with both | 
tae cleaning methods are not of a high 4 
nained 
visible order, but are roughly the same. | 
n 10! The consistency among resistances ob- 7) 
ywever, ued by chemical cleaning would be ex- 
p solu pected to improve markedly with the sur- | 
lace condition of the sheet, since the etch- 1 
ing solutions are too mild in their action 
ad with smooth out macroscopic “Sse Ty 
acroscopic roughnesses 
within the normal treatment times. There q ci i t i . J 
is no evidence that chemical cleaning when J | | vs | | | | *t | 
» prepa ‘pplied to sheet of good surface, is any less = 
ld pro reliable than wire brushing in preparing a 
ent val that surface uniformly for welding. Fig. 9 
30 pre 
lesigned 
consist 0 ERAGE TEMPERATURE © 74°F, moe | | It will be noted that welds in chemically 
ing, and | | | cleaned Al-Zn bearing sheet (0.040-in. 
Witt 5 ABSOLUTE sQ000296 WATER T AMC52S-H). are much more consistent 
d of 25 PER Cus AiR } 4 4 than welds in the softer Mn alloy (0.040- 
}. | in. AM3S-H). This has also been the gen- 
| 7 | | | Surface Resistance on Tip Life 
| | | | | | A considerable advantage for chemical 
ster 9 Bate | | | is demonstrated in Table 32 which shows 
hot a 5. | || results from electrode tip life studies in 
pre spot welding 0.040-in. M-H. The Mn al- 
a | || loys of this type have generally given 
| | | considerable difficulty through fouling of 
| electrodes. Tip life is influenced by many 
T Tht factors, among them sheet composition, 
| r q surface condition and weld size. Identical 
: conditions were used in welding each of 
4 the six series, except that the condenser 
HOLDING TIME IN HOURS voltage was adjusted to give in the first 
three series large sound welds of approxi- 


Fig. 10 


mately equal strength; and in the last 
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4 
4 


Change in Resistance on Standing in 
“RELATIVE = 40% After Chemical Cleaning and Wire 

ABSOLUTE = Q00095 LBS, WATER Brushing 
PER. CU, FT. AIR 


Another important advantage of chem. 
CHEMICALLY | CLEANED ically treated sheet is that it maintains q 
+ low and consistent resistance which re. 
mains constant for at least 100 hr. in air 
| | at temperatures up to 96° F. and relative 
humidities up to 41%. Wire-brushed sur. 
faces in the same atmosphere develop 
progressively higher and more inconsistent 
resistances starting within at least 10 hr. 
Figures 9-14 demonstrate these facts. 
In these graphs, the vertical line centering 
on each plotted point shows the range of 
the ten readings, five each on two pairs of 
specimens, which were averaged to give 
that point. The range is an indication 


| of consistency. 
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: In Figs. 9 and 10, for 0.040-in. AM3SH- 
° and AMC52S-H, a definite tendency for 
the wire-brushed resistance to rise to a con- 
Fig. 11 stant level after 5-10 hr. is apparent 
The average temperature and humidity 
conditions here (74° F. and 23%) are 


T-TO 


HOLDING TIME IN HOURS 


three series, medium-sized welds of equal . 
strength. 

Although wire brushing produces low 
sheet-to-sheet resistance, sheet so cleaned 
quickly fouls the welding electrodes to the 
point where the work sticks to them (10- 
50 welds), This figure may be compared to 
the more than 200 welds obtainable prior 
to sticking with sheet chemically cleaned 
to very low resistance (4-10 microhms). 
Even if the resistance of the chemically 
cleaned surface is high (100-500 mi- 
crohms), it is nevertheless better than the 
wire-brushed surface as regards potential 
tip life. There is, however, a distinct 
advantage in trying to obtain the lowest 
possible resistance by chemical cleaning. 

From the viewpoint of corrosion redist- 
ance, the number of welds before copper 
pickup becomes detectable on the sheet is 
another important measure of tip life. 
Copper pickup starts almost with the first 

Ss 


~ AVERAGE TEMPERATURE + 9i°F 
AVERAGE HUMIDITY 


RELATIVEs 40% 

ABSOLUTE « QOOOSIS LBS. WATER 
PER_CUFT. AR 
i | 


IN| MICROHMS 


SHEET-TO-SHEET RESISTANCE 


the 4 


weld in wire-brushed M-H sheet (see col- 

umn 3, Table 32), but is delayed to the = ae 
14th or 15th weld in sheet which has been Fig. 12 

well cleaned chemically. 


about those of a heated room in winter 
The poor consistency among some of the 
“chemically cleaned” resistances can be 
attributed to stock received in poor sur 

With higher temperature and humidity, 

eoaenoage at 90° F. and 40% relative humidity, the 
resistance of the wire-brushed stock com 


: ee mences to increase in about the same 
length of time, but continues to ris® at 
eer cay least through 100 hr. (Figs. !! and 1 

| At the higher resistances, the r adings 

exceedingly erratic indicating surface 
| | unsatisfactory for welding both Ms 
its high resistance and lack of « onsistency. 

Similar data to that shown 
and 12 for the American Magn sum A 
loys, are presented in Figs. |“ und 14 
the corresponding Dow alloys 
nealed temper. By contrast \ <4 

havior of the former alloys 
brushed specimens of the latte! 
4 initial rise of resistance to an interme” 
i level within the first half hour The og" 
i sequent rise, commencing alte! 
to 10 hr., corresponds to tha' 
with American Magnesium sheet. ues 


sitiv- 
Fig. 13 results demonstrate the extreme 5 
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ity of wire-brushed surfaces. If such sur- 
faces are to be relied upon in production, 
they must be welded almost immediately. 


Conclusions 


The important results and conclusions 
from this part of the investigation are 
summarized as follows: 

1. Chemical methods for the surface 
preparation at room temperature of mag- 
nesium alloy sheet for spot welding were 
developed for all of the alloys commercially 
available. 

2. Magnesium alloy sheet should be 
ordered in the oil-finished or plain-finished 
condition when it is planned to utilize spot 
welding for fabrication. 

3. Chrome-pickled surfaces require 
preliminary chemical stripping before they 
can be properly prepared for spot welding. 

4. Sheet materials supplied by differ- 

ent manufacturers, whether plain or oil 
fmished, do not have identical surface 
treatment characteristics. 
_ 5. A solution of universal applicabil- 
ity to the sheet materials supplied by two 
important manufacturers consisted of 10% 
chromic acid (CrO,) to which 0.05% an- 
hydrous sodium sulphate (Na,SO,) has 
been added. 

6 All of the sheet supplied by the 
American Magnesium Corp., however, 
Was treatable in plain CrO; of 20% con- 
centration. 

‘. An alternative treatment for Ameri- 
can Magnesium sheet consisted of the use 
ot 10% CrO; following a hot alkaline pre- 
clean. The hot alkaline preclean not only 
removes the last traces of oil from the sur- 
face, but also reduces the cost of the chro- 
mic acid bath. 

analytical methods for 

cn pm control of plain CrO; and 

ally Par is no evidence that a chemic- 
J surface is in any way inferior 


‘0 one prepared for i 
brushing. 


10 
chemic 
are: 


2) Much 


Two important advantages for the 
al method of preweld preparation 


longer permissible holding 
1947 


SURFACE TREATMENT OF MAGNESIUM FOR SPOT WELDING 


times between surface treatment 
and welding. 

(b) Greatly improved electrode tip life, 
particularly if the sheet to be 
welded is treated chemically to 
the lowest possible surface re- 
sistance. 

Conclusions 11-22 summarize more de- 
tailed information and represent an ex- 
pansion of the ten presented above. 

11. The temperature of the treating 
bath, at least within the normal range of 
room temperature (60-90° F.), has no 
important effect on the surface resistances 
produced in plain CrO; or CrO;-Na,SO, 
solutions. 

12. Technical (99-99.5°%) CrO; may 
be substituted for the chemically pure 
product with no effect on the results ob- 
tained. The substitution approximately 
halves the cost of the bath. 

13. It is important that sheet be air 
dried and not wiped dry after the rinsing 
operation which follows chemical treat- 
ment. The surface resistance of sheet 
that is wiped dry may be sufficiently 
greater than that of sheet dried in air to 
seriously affect weldability. 

14. For the preweld preparation of 
American Magnesium Corp. sheet in 20% 
CrO;, or in 10% CrO; after a 2-min. hot 
alkaline preclean, the treatment time 
might vary from 30 sec. to8 hr. Chemical 
attack ceased in less than a minute. 
Thereafter there was no loss in sheet 
thickness and no change in the very satis- 
factory resistance produced. 

15. Using the universally applicable 
10% CrO;-0.05% NazSO, solution, the 
minimum treatment time which could be 
successfully employed with all sheet was 
about 4 min. Chemical attack is continu- 
ous and the minimum treatment times 
should be used. Resistances become pro- 
gressively lower as the time of treatment is 
lengthened. 

16. On exhaustion of CrO; and CrO,- 
Na,SO, solutions, the significant loss is in 
acid strength. This loss may be attributed 
to neutralization of free dichromic acid 
by solution of magnesium compounds and 
magnesium metal. 


17. The advantage of plain CrO, solu- 
tions for the chemical surface treatment 
of magnesium alloy sheet lies in the fact 
that these solutions last for a very long 
time, and do not require continuous control 
of their chemical composition. The clean- 
ing attack comes to a halt within a short 
time. There is no loss in acid strength 
thereafter. 

18. The CrO;-NaeSO, solution which 
was applicable to all types of magnesium 
alloys tends to expend itself rapidly due to 
continuous attack. 

19. Rejuvenation of the short-lived 
CrO;-NasSO, solutions can be accom- 
plished by controlled additions of Na»SO,. 
To insure the most satisfactory results, 
additions should be made in some propor- 
tion to the amount of treatment which the 
solution has performed. In practice, the 
proper addition could be related to the 
analytically determined loss in acid 
strength through control charts. Close 
analytical check on the acid strength and 
sulphate ion concentration would be re- 
quired. 

20. The difference in surface treatment 
characteristics betwen American Magne- 
sium Corp. and Dow Chemical Co. sheet 
could be attributed to a residue of sulphate 
on the surface of the former. The residual 
sulphate, which might have come ftom the 
pickling operation following hot rolling, 
rendered American Magnesium Corp. 
sheet treatable in plain CrO, solutions. 

21. Sheet properly treated chemically 
maintains a low and consistent resistance 
which remains constant for at least 100 
hr. in atmospheres of high temperature 
and humidity. Wire-brushed surfaces in 
the same atmospheres develop progres- 
sively higher and more inconsistent resist- 
ances starting within at least 10 hr. If 
wire brushing is to be relied upon in pro- 
duction, the sheet must be welded almost 
immediately. 

22. The improvement in electrode tip 
life obtained by using a chemical method 
of preweld preparation is particularly 
valuable when welding the troublesome 
Mg - 1.5 Mn alloys. 


Recently Published Information 

Since the completion of the work in the 
R.P.I. Welding Laboratory, several pa- 
pers on the chemical surface preparation 
of magnesium alloys for spot welding have 
appeared. The results and recommenda- 
tions contained in these reports substan- 
tially confirm the findings of this labora- 
tory, although in none of those reviewed 
has a solution operating successfully at 
room temperature been described. Lin- 
ville and Disotell,° working with the Mg — 
1.5Mn alloy, found solutions containing 
180 gm. CrO; or 100 gm. CrO; with 10 cc. 
HNO; per liter of solution to be excellent 
when operated at 190-212° F. with treat- 
ment times between 3-6 min. and 1-2 
min., respectively. Chrome-acetic and 
chrome-phosphoric acid mixtures were less 
effective. Other acids showed little prom- 
ise. Simpson and Dorcas" similarly 
surveyed the possibilities, recommended 
a 20% chromic acid bath operated at 150° 
F. and a treatment time of 2 min. This 
treatment was to follow a 5-min. immer- 
sion in 5-10% caustic soda at 150° F. if the 
original surface had been chrome pickled. 
For sheet prepared by their chromic acid 
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process, Simpson and Dorcas claimed a 
very low surface resistance, also greater re- 
sistance to atmospheric oxidation and 
salt-spray corrosion, and less electrode 
fouling when welded than exhibited by 
material cleaned by wire bgushing. 

Tylecote!? has reviewed the available 
literature on the spot welding of magne- 
sium to the end of 1945. 


APPENDIX 


Theoretical and Experimental Analytical 
Relationships in CrO; and CrO;-Na,SO, 
Solutions 


If it is assumed that there is no change 
in liquid volume on dissolving the solid in 
water, a solution containing 10.00 gm. of 
CrO; and 100.0 ml. of water (10% CrO;) 
should have an oxidation normality of 
3.00. Twenty per cent CrO; should be 
6.00 N. These values ought not to be af- 
fected by the addition of NasSO,. 

The theoretical BaSO, equivalent of 
various concentrations of anhydrous 
Na2SQ, are as follows: 


Mg. BaSO,/50 


% NaSO, MI. Solution 
0 0 
0.03 24.8 
0.05 41.4 
0.07 60.0 
0.10 82.8 
0.15 124.2 


Experimentally, the following data were 
obtained. Each sample (a) and (6) was 
separately prepared by dissolving the re- 
quired amount of solid, accurately 
weighed, in exactly 100.0 ml. of water. 


It is to be noted that: 


1. The oxidation normality is below 
the theoretical value, although that of 
20% CrO; is almost exactly twice that of 
10% CrO;. There is no doubt an increase 
in liquid volume on dissolving solid CrO; 
in water. 

2. Addition of Na,SO, in quantities up 


T IS gratifying to find research investigations on hot 

cracking of alloy weld metal appearing in our tech- 
It is especially gratifying to find such 
investigations carried out in a truly scientific manner as 
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. Discussion of Paper, 
“The Control of Weld 


Hot Cracking in Nickel- 
Chromium-Iron Alloys” 


By R. David Thomas, Jr.* 


Sample 
No. Formula 
la 10°, CrO; + 0% NaeSO, 
b 10% CrO, + 0% NasSO, 
2a 10% CrO; + 0.05% NasSO, 
b 10% CrO; + 0.05% NasSO, 
3a 10% CrO; + 0.10% NasSO, 
b 10% CrO; + 0.10% NasSO, 
4a 20% CrO; + 0% NaeSO, 
b 20% CrO; + 0% NaeSO, 
to 0.10% does not affect the oxidation 
normality. 


3. There is excellent agreement among 
results from duplicate determinations of 
the oxidation normality. The method is 
precise. 

4. 10% CrO; made from the c.p. re- 
agent and distilled water yields 1.7 mg. 
BaSO, per 50 ml. of solution. 20% CrO; 
yields 3.2 mg. per 50 ml.—about twice as 
much as the 10% solution. The preserce 
of sulphate ion in all grades of CrO; is to 
be expected. Some technical grades may 
contain sufficient to have a significant in- 
fluence on the surface-treating character- 
istics of solutions made from them. 

5. The mg. BaSO, obtained from 50 ml. 
of 10% CrO;-0.05% NaeSOy and 10% 
CrO;-0.10% NaeSO;, are below the theo- 
retical by about 3.7 and 4.6 mg., respec- 
tively, when one considers the sulphate 
ion introduced with the CrO;. This loss is 
also largely attributable to an increase in 
kiquid volume on solution. 


One further relationship may be estab- 
lished. If a CrO; solution behaves as a 
solution of HsCrsO;, then the acid nor- 
mality in the unused condition should be 
exactly one-third the oxidation normality. 


6e + + 14H * —> 2Cr** + 7H,0 
2H* + 20H~ —~» 2H,0 


1 molecular weight H2CreO; 
= 6 equivalent weights as an oxidizing 
agent 
= 2 equivalent weights as an acid 


The validity of this conclusion was con- 
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Oxidation 

Normality Mg. BaSO,/50) 
Theo- M1. Solution 
Found retical Found Theoretical] 
2.87 3.00 2.0 0.0 
2.87 3.00 1.4 0.0 
2.88 3.00 39.4 41.4 
2.87 3.00 41.4 
2.86 3.00 79.6 82.8 
2.87 3.00 moe 82.8 
5.72 6.00 3.0 0.0 
5.72 6.00 3.3 0.0 


of the phenomenon which may result in a more [unt 
mental, rather than an empirical solution to the problem 
Our chief criticism of the paper is not what the auth 
have said, but what has been left unsaid. 
are working along similar lines, the paper |: 
ence points from which we would be in a p s 
compare results. For example, there is no stat ment as 
to the types of electrode coverings used which, 
perience, has a profound effect on weld hot cracking. ~~ 
It would be extremely helpful to those attempuns © 
give a critical evaluation of the work ifat 
complete weld metal analyses were given. 
it would be possible to determine at what | 
elements as carbon, sulphur and phosphorus w« 
tained, for what may be true of one level my 


firmed by analytical data obtained during 
exhaustion experiments (see Tables 23 and 
24). 
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true of another level. For instance, in a similar study 
of weld hot cracking in 25 Cr, 20 Ni alloys,' we have 
shown the interrelationship of silicon and phosphorus. 
More recent studies on the 35 Ni, 15 Cr alloy have indi- 
cated that carbon over 0.30 appears to decrease the ten- 
dency toward hot cracking. 

Another reason for the need for complete weld metal 
analyses is evidenced by the large amounts of columbium 
added to some of the experiments. Columbium added 
as ferrocolumbium in the coating simultaneously adds 
approximately the same percentage of iron to the weld 
metal. This may have considerable significance, for 
example, in the authors’ Fig. 8 for determining the colum- 
bium-to-silicon ratio for 80 Ni-20 Cr welds. In this 
figure considerable weight has been given to the point 
having 5% columbium which showed slight cracking. 
In this particular case, however, the addition of 5% 
columbium undoubtedly added considerable iron result- 
ing in a composition which may have behaved more 
like the SO-14-6. In fact, it appears that the required 
Cb/Si ratio increases as iron increases, and therefore, 
that the weight given this point may not be justified and 
an actual Cb/Si ratio of much less than 3.8 may be safe. 
[his may be true to a lesser extent in the other alloys 
which initially contain higher percentages of iron. 


' Campbell & Thomas, “The Effect of Alloying Flements on the Tensile 
Properties of 25-20 Weld Metal,” Toe Wetpinc JourNAL (11) ,Research Sup- 
plement 25, 760-s to 768-s (1946). 


Discussion of Paper 
“Redistribution of Re- 
sidual Welding Stresses 
by Tensile Loading Ap- 
plied Along a Union- 
melt Weld Joining Two 
3Ft x 12-Ft. x 1-In. 
Plates” . 


By J. Vastat 


UFFICIENT experimental work has been done in 
recent years to establish the fact that, when two 
LJ plates are joined together by welding, there results 
‘residual welding stress along the weld of the yield point 
, the weld material. The presence of this high initial 
re tensile stress has raised the question as to what 
> me hogy have on the safety of the structure, and if 
a ¢ considered in the process of designing. Fur- 
that *xperimentation, however, has brought out the fact 
ai Sey or relief of the initial welding residual 
Lead = hes realized by the application of an external 
ole the structure. However, the question that 

gues the mind of the designer is how much relief is 


actually 

‘ally brought about in a full-size structure, as distinct 
* Publishe: 

in Oct. 1946 issue, Research Supplement to WELDING 


As 
Sistant Head of Research, Maritime Commission, Washington, D. C. 


The introduction of columbium to the weld metal of 
the 80 Ni, 14 Cr alloy would appear a safe expedient be- 
cause of the amount of research and field experience 
with columbium-bearing metals (superalloys) of approxi- 
mately the same composition. It would seem unwise, 
however, to accept the author’s results and to introduce 
five or more per cent of columbium to the other high 
nickel-chrome weld metals. The use of 35 Ni, 15 Cr 
electrodes has been so widespread that other properties 
may be jeopardized by the introduction of columbium. 
The incidence of hot cracking in this alloy, although ad- 
mittedly greater than in the lower chrome-nickel grades,’ 
would not justify such drastic remedies without first 
conducting careful tests to determine that other proper- 
ties had not been seriously affected. Even the less used 
60 Ni—13 Cr weld metal should be carefully checked 
before wholesale additions of columbium are added as a 
remedy for hot cracking. 

Despite the criticisms and warnings expressed above, 
the writer hails this paper as a real contribution to this 
important subject. As Mr. Kihlgren stated in oral dis- 
cussion, the industry has only scratched the surface of 
the metallurgical problems in high-alloy welding. The 
industry will welcome additional papers of this kind by 
the authors and by the International Nickel Company’s 
Research Laboratory. 


2 Thomas, “Crack Sensitivity of Chromium-Nickel Stainless Weld Metal’’ 
Metals Progress, 50 (3), 474-478 (Sept. 1946). 


from the behavior noted in a simple laboratory test plate 
of the type discussed in this paper. 

The authors have shown by this test that the initial 
weld residual stress peak has been lowered by an amount 
approximately equal to the average stress applied to the 
test plate. 1 would like to discuss this in relation to some 
experimental work done on welded ships. 

Recent tests made by the U. S. Maritime Commission 
on the Liberty ship S.S. Philip Schuyler indicate that the 
relaxation stress on one plug removed from the longitudi- 
nal seam on the deck plating abreast of hatch No. 3 was 
of the order of 15,000 to 20,000 psi. tension. These 
values were determined by a number of independent 
tests. The relaxation stresses were measured on a 3-in. 
diam. plug, utilizing both mechanical and the electrical 
SR-4 strain gages. These measurements were made after 
the vessel had been subjected to two identical loading 
conditions which induced an average tensile deck stress 
of 14,500 psi. Prior to the test, the ship had been at 
sea for three years and had experienced its share of severe 
storms. 

These relatively low values of residual stresses offer 
some interesting speculation. (1) If we accept an initial 
residual welding stress of, say, 45,000 psi., the yield point 
of the weld material, obviously we must conclude that the 
test loading could not have caused a relief in stress of 
roughly 30,000 psi. (2) The stress-strain curve for the 
plug prior to being trepanned did not indicate any meas- 
urable yielding. This supports the low value for the 
final residual stress, and gives weight to the hypothesis 
that the weld must have behaved elastically both for the 
increasing and diminishing loads. (3) If the weld then 
behaved elastically during the applied loads, what factor 
came into play to bring about a relief from an initial 
residual stress of, say, 45,000 to a final value of 15,000 to 
20,000 psi. ? 

Having dismissed the applied static tests as contribu- 
ting to the relief in residual stress there is left for con- 
sideration the probable effect of sea loading. Can it be 
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inferred that the ship working at sea experienced a sig- 
nificant measure of relief in the residual welding stress, 
‘from, say, 45,000 psi., the yield point of the weld metal, 
to 15,000 psi.? To accept this fact would be to admit 
that at some time during its service the ship suffered a 
nominal tensile deck stress of 30,000 psi. It is not be- 
lieved that the ship could have survived such a large 
stress. The answer to the question “‘Why such a small 
relaxed stress?’’ must be sought elsewhere. 

I believe the answer lies in the consideration of two fac- 
tors, namely, the considerable variation existing in the 
intensity of the residual stress along the weld at the time 
the ship is constructed, and the dissimilarity between the 
action of simple welded plates and a ship. Simple 
welded plates have indicated an inital welding stress 
ranging from 45,000 to 50,000 psi. Residual stresses 
measured in large deck subassemblies with different de- 
grees of restraint have varied from 32,000 to 43,000 psi. 
On completed ships ready for delivery one investigator re- 
ported residual stresses ranging from 30,000 to 42,000 
psi., while another set the extremes as 18,000 and 46,000 
psi. Measurements taken on ships which have seen sea 
service for a year or more have indicated a spread from 
20,000 to 42,000 psi. This wide gap in residudl stress 
means that the manner in which the individual parts of 
the ship are fabricated and ultimately tied together has a 
significant effect on the intensity of the remaining residual 
stress in the weld. Some vessels, at the time of delivery, 
may have a relatively low value of residual stress in the 
welds; the sea load will not be great enough to cause 
plastic flow in the weld and the resulting action will be 
elastic. This may be the case of the weld investigated 
in the Philip Schuyler. In other vessels, plastic action 
may take place in the weld under load and some relief 
of residual stress will follow. 

Aside from the experimental determination that some 


measure of relief in residual stress may be accomplished 
by loading a welded joint in tension, this test has indi- 


cated another very worth-while fact. This is noted in 
the apparent rotation of the final residual stress line of 
Fig. 3. The effect of this rotation is to show that the 
longitudinal stress distribution at the maximum applied 
external load, when referred to a horizontal base, has an 
irregular pattern, notwithstanding the fact that a plot of 
the stresses as determined from the strains measured 
during loading would have indicated a uniform distribu- 
tion. There seems to be some discrepancy in the me- 
chanics offered schematically in Fig. 4 to explain the 
behavior of the individual elements of the plate. If the 
plate were to behave in accordance with this diagram, 
then the initial and the final distribution of the residual 
stresses should nearly coincide, except at the localized 
region of the weld itself. The separation of these two 
residual stress curves cannot be harmonized with the 
statement made that “‘a uniform load distribution across 
the plates was achieved.” Figure 3 suggests that the in- 
crement of strains was not equal to the decrement at zero 
load. It would be worthwhile if the authors would pub- 
lish the original strain gage data so that a complete pat- 
tern of the deformations of the plate during the applied 
loads could be studied from a different point of view. 


Author's Reply 


It appears that Mr. Vasta is confusing the stresses 
measured in 1-in. plate with those found in */,-in. plate. 


The tests described in the paper were conducted for 1-in, 
thick plate where the residual weld stresses have been 
found consistently to be about 47,000 psi. In */;-in. 
plate the stresses are normally about 38,000 to 40,000 psi. 
Since the SS Philip Schuyler had */,-in. deck plates, 
lower stress values were to be expected. 


The values of 15,000 to 20,000 psi. residual weld stress 
reported by Mr. Vasta from the SS Philip Schuyler 
experiment are subject to considerable question. These 
figures were obtained from the relaxation of a 3-in. diam, 
coupon. This coupon necessarily contained an appreci- 
able amount of the parent plate metal in addition to the 
weld metal. It follows that the strain relaxations, 
whether measured by electrical or mechanical means, 
represented an average for the plug as a whole and not 
the relaxation of a much smaller coupon taken exclusively 
from the weld metal. If the regions of parent metal had 
been subsequently removed from the plug, further relaxa- 
tion in the weld direction would undoubtedly have been 
observed. A plug as large as 3 in. in diameter has been 
found unsatisfactory by several investigators for the 
measurement of residual stresses in the weld zone. One 
series of tests indicates that only about 80°% of the 
true relaxation stress is obtained by using such a plug. 
Hence, the values reported by Mr. Vasta are probably 
low. 


Dividing the average of the residual weld stresses, 
17,500 psi., reported for the SS Philip Schuyler, by S80; 
gives 22,000 psi. which is probably more nearly the cor- 
rect amount. Adding the applied stress of 14,500 psi. 
gives a total of 36,500 psi. which is in the range of values 
between 20,000 and 42,000 psi. which Mr. Vasta reports 
as having been measured on actual Liberty ships where 
the deck plates are */,-in. thick. Thus, the data from 
the SS Philip Schuyler appear to be in agreement witli 
the theory presented in the paper. 


A question is raised as to the use of Fig. 4 to describe 
the behavior of the individual elements of the plate. 
As was stated in the paper the stress-strain relations 11 
the figure give an approximate picture and describe the 
conditions existing in the weld strip as opposed to the 
average of the parent plate. In effect, the diagram shows 
the stress-strain relations existing for a composite 
specimen made of a small strip of steel initially at 1s 
yield stress and a large unattached piece of relative) 
unstressed plate of the same length, both attached to the 
same pulling heads. The combined specimens are thet 
subjected to the same strain increments and equal strait 
decrements. Figure 4 should not be used to descridé 
the action of individual elements of the actual test plate. 
The diagram i$ useful in picturing the predicted stress 
adjustments between the weld strip and the average | 
the adjoining plate. 


As Mr. Vasta points out, the residual stresses 1 ° 
completed ship vary considerably due to the mat" 
in which the assemblies are welded. Previous investiga 
tions by the authors show clearly, for example, that '” 
intersecting butt welds, the longitudinal residual st" . 
of the weld made first is lowered considerably neat o 
intersection. Numerous other factors will also ©% 
such changes. It is apparent that the lower tic a 
residual stress, the more is the elastic action which res 
from a given load and the less is the plastic action “™ 
accompanying decrease in residual stress. 
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An Investigation of the Influence of 
Hydrogen on the Ductility of Arc 
Welds in Mild Steel 


By Alan E. Flanigan* 


Abstract 


An effort was made to correlate the ductility of E6010 mild 
steel welds with the hydrogen content of the weld metal. Ductility 
vas evaluated by means of a notched bend test at —40° F. Hy- 
lrogen analyses were made by a vacuum extraction method. To 
secure a wide range of ductilities and hydrogen contents, specimens 
vere subjected to a variety of treatments including postheating, 
preheating and rapid cooling following welding. Low-hydrogen 
velds were prepared with lime-base coated electrodes and by the 
submerged are process for comparison with the hydrogen-rich 
£6010 specimens. To obtain further information, hydrogen-free 
welds were charged with hydrogen by means of acid pickling. An 
xtensive study of postheating was made to determine its effects 
m weld hardness and residual stress, as well as upon hydrogen 

ontent and ductility. Postheating temperatures ranged from 
20) to 1150° F. 

The introduction of hydrogen into hydrogen-free welds by means 
| pickling produces an embrittling effect even when the amount 
cided is less than that present after normal welding. Excluding 
the tests on pickled welds, the remaining evidence fails to establish 
relation of hydrogen content to ductility. Either of two alter- 
tative conclusions is possible. The first denies the importance of 
the hydrogen found in normally cooled welds. The second recog- 

izes its importance but requires a complex dependency, and 
sserts that only a small portion of the total hydrogen content is 
larmful. The second alternative must be accepted if the tests 
1 pickled welds are considered pertinent. Thus the decisive 
juestion concerns the equivalence of the hydrogen derived in 
pic kling and in welding. The evidence supports this equivalence, 
ut Is not conclusive, 

L the tests on pickled specimens are accepted, they furnish a 
Mantitative isolation of the effects of hydrogen in “thermal stress 


ya and other postheating treatments. Practically all of the 
aaa ra improvement produced by low-temperature postheating 


n funda be assigned to the elimination of hydrogen. 

vamental difficulty in interpreting the experimental results 

sees in a a lack of knowledge concerning the distribution of 

ment a rogen in steel and the mechanism of hydrogen embrittle- 

the rol ~— work on these problems may be required before 
© of hydrogen in welding can be fully understood. 


l. Introduction 


JOR concern to the users of are welding is 
€ ability of welded structures to absorb energy 
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def mation without brittle failure. The 
ms: ol this report is to describe an investigation con- 
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pally with the effects of hydrogen on the 
arc welds in mild steel. 
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Fig. 1—Variation of the (Reversible) Solubility with Tempera- 
ture for Hydrogen in Iron at One Atmosphere Pressure 
(Sieverts) 


Weld behavior is known, of course, to depend upon 
other factors such as service conditions and the structure 
of the weld and its heat-affected zone. It has also been 
suspected that it may be influenced by the residual 
stresses invariably found in and about welds. 

Recently it has been shown that large amounts of hy- 
drogen may be absorbed in the arc-welding process. 
This has occasioned concern, since comparable contents 
are known to embrittle steel under other circumstances. 

Investigation of the problem is made difficult by the 
fact that treatments affecting the hydrogen contents of 
welds usually invoke changes in the other factors in- 
fluencing ductility. The principal aim of the present 
study is to isolate the role of hydrogen. 

Introductory material is furnished in Sections 2 to 7. 
Sections 8 to 11 describe experimental procedures. The 
remainder of the report is concerned with experimental 
results and the discussion of their significance. 
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2. Hydrogen in Steel 


In this section, it is proposed to review some funda- 
mental knowledge concerning hydrogen in steel. Much 
of the available information has been correlated by Zapffe 
and Sims who have prepared a bibliography of 500 refer- 
ences. 

The effect of temperature upon the solubility of hydro- 
gen in iron is shown in Fig. 1. The data, due originally 
to Sieverts, are taken from reference 13. They apply to 
pure iron in contact with hydrogen at a pressure of one 
atmosphere, and are therefore, not directly applicable to 
steels in air. Solubilities in the latter case are much 
smaller, but are roughly proportional to those in Fig. 1 
(assuming that the normal atmosphere contains a trace 
of hydrogen). The solubility at constant temperature is 
known to vary as the square root of the external hydro- 
gen pressure indicating that hydrogen is absorbed in the 
atomic state. It is important to note that in any at- 
mosphere the solubility is several thousandfold higher 
at the melting point, than at room temperature. 

The hydrogen contents of molten steels in the open 
hearth have been found to range from 2 to 15 cc. per 100 
gm.**~® the high value being due to the elevdted tem- 
perature, and to the rich source of hydrogen supplied by 
the fuel gas. As might be expected, it is possible to re- 
tain large amounts of hydrogen in solid steel at room 
temperature by the rapid cooling of a highly charged 
melt. Such a process is encountered in arc welds where 
high hydrogen contents persist after cooling. 

At a given temperature the hydrogen content of super- 
saturated steel tends to decrease with time, as a result 
of loss to the atmosphere.t The process may be slow at 
room temperature (depending upon the degree of super 
saturation), but the rate increases rapidly at higher 
temperatures. The hydrogen content of hot-rolled 
mild steel is of the order of 0.2 to 1.0 cc. per 100 gm.,*: ” 
the low value resulting from the escape of excess hydro- 
gen during the periods of soaking, rolling and cooling. 
The escape of hydrogen from mild steel is thought to be 
more rapid than from steels of higher carbon and alloy 
content. 

Although steel is impermeable to molecular hydrogen, 
atomic hydrogen may be introduced readily by means of 
acid pickling or cathodic electrolysis. These processes 
leave the material in a supersaturated condition follow- 
ing removal from the charging medium. 

It has long been known that abnormal hydrogen con- 
tents introduced by pickling and electrolysis may render 
an otherwise ductile steel completely brittle. It is 
probable that a similar embrittling effect is produced by 
hydrogen introduced at elevated temperatures and re- 
tained by rapid cooling. Such is thought to be the 
source of ‘flaking’ and general embrittlement in rail 
steels and in forgings.” ® 

Although there is abundant evidence that abnormal 
hydrogen contents produce brittleness in steel, the follow- 
ing problems remain. 


1. No effort has been made to obtain a quantitative 
relationship between measured hydrogen con- 
tents and corresponding ductilities. 

2. The mechanism of embrittlement has not been 
clearly established. It is not known whether 
excess hydrogen is present in solid solution, as 
hydrides, or as molecular hydrogen precipitated 
in voids and submicroscopic rifts. 


These questions arise in the present investigation in con- 
nection with the hydrogen in welds. 


* Throughout this report hydrogen contents are expressed in terms of cubic 
centimeters per 100 gm. NTP. One cubic centimeter per 100 gm. is equiva- 
lent to approximately 0.00009 weight per cent. 7 

t Whether hydrogen travels to the surface by a process of diffusion or in 
some other manner is not clear.‘ 
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3. Source of Hydrogen in Arc Welds 


Hydrogen contents as high as 20 cc. per 100 gm. have 
been measured in mild steel arc welds."» gas 
is absorbed by the molten metal and is derived prin. 
cipally from the highly reducing arc atmosphere. Th, 
content after cooling depends upon the cooling rate, a 
well as upon the amount absorbed. Hydrogen content; 
encountered in the present inquiry are of the order of 4 
ce. per 100 gm. with normal cooling rates, and as high a 
15 cc. per 100 gm. under special conditions. 

The are atmosphere is derived from vaporization oj 
the welding rod coating, and is intended to shield the 
arc and molten metal from the oxygen and nitrogen of the 
air. The gases produced consist mainly of Hy», C0 
H,0 and COs, the total output ranging from 100 cc. t 
200 cc. per inch of electrode consumed.'! For the three 
most popular types of electrodes,* hydrogen constitutes 
from 37 to 51% (by volume) of the arc atmosphere."! 

It has been shown by Mallet,'! that the hydrogen con- 
tent of the weld metal at the time of solidification can by 
calculated rather accurately using the partial pressure o/ 
hydrogen in the arc atmosphere and Sieverts’ solubility 
data for 2820° F. The success of the method indicates 
that an approximate equilibrium is established at this 
temperature. 


4. Hydrogen and the Underbead Cracking of Alloy 
Steel Welds 


Hydrogen has been shown to be an important factor 
the ‘‘underbead cracking’ of welds in alloy steels i 
moderate and high hardenability. 12-7 The defect is 
characterized by the formation of cracks in the parent 
metal during and shortly after welding. They are lo 
cated in the heat-affected zone near the fusion line, and 
generally parallel to it. The mechanism of crack {or 
mation is thought to be as follows: 

During welding, hydrogen is absorbed by the weld 
metal. At this time and during subsequent cooling, ! 
diffuses into the heat-affected zone which possesses 4 
high solubility because of its temporary austemil! 
character.§ When the latter transforms, hydrogen * 
rejected, its solubility in alpha iron being much lowe 
than in the gamma form. It thus tends to concentratt 
in the last remnants of austenite. If these transiorm “ 
sufficiently low temperature the brittle constituetl 
martensite, is formed and the brittle regions becom 
highly supersaturated. At the same time, the temper 
ture of transformation may be so low as to hinder 
distribution of hydrogen by diffusion. Volume change 
attending the formation of martensite cause local stres 
concentrations. As a result of this combination 0! 
favorable circumstances, underbead cracks may occu" : 

Cracking may be prevented by preheating, Wl" 
lowers the cooling rate, and thus prevents the format” 
of martensite. It has also been shown that steels sud 
ject to underbead cracking may be successfully welded 
even in the absence of preheating, by electrodes having 
coatings of low hydrogen content. i 

The hydrogen theory of underbead cracking 
widely accepted, although until recently the welda re 
of alloy steels had been considered in terms of nn 
ability alone.'* In criticism of the latter appen 
there have been reports of failure to find correlate 
tween hardness and cracking tendency, except 
of extreme hardness.'* 7 


A.S.T.M-A.W:S. classes E6010, E6012 and E6020. 
Rollason” reports the average hydrogen content of the 
of a number of steels to be from 1 to 2 cc. per 100 gm. 
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5. Hydrogen in the Welding of Mild Steel 


Cracking is seldom encountered in the welding of mild 
steel because of the low hardenability of the material. 
Consequently, residual ductility is the main concern. 

That welded plate is generally less ductile than the 
unwelded material is not unexpected in view of the 
coarse grain size, and increased hardness of the heat-af- 
fected zone. In addition, the weld metal itself, is harder 
than the plate, and the structure of the outer passes is 
coarse and columnar. Low ductility is generally at- 
tributed to these features or to the presence of the high 
residual stresses which result from welding. 

In view of the high hydrogen contents of arc welds 
and the well-established effect of hydrogen in promoting 
brittleness, it has been suggested, especially by Zapffe 
and Sims,'* that hydrogen content may be a dominant 
factor. Consistent with this opinion is the important 
observation that the ductility of mild steel welds tends 
to increase during storage at room temperature and at 
slightly elevated temperatures.’* ™%-?? Hydrogen is 
known to escape from welds under these conditions. 
This interpretation of the increase in ductility during 
storage has been disputed by Jackson and Luther,’ 
who attribute the phenomenon in part, at least, to other 
unknown factors. It should be noted that improvement 
in ductility during storage has also been reported in the 
case of unwelded steel.”* 

Direct and quantitative evidence correlating the duc- 
tility of mild steel welds with hydrogen content is meager. 
The outstanding contribution is that of Zapffe and Sims,'* 
who subjected '/,-in. flush-ground butt-welded plate to 
transverse tension, evaluating ductility in terms of the 
elongation in 2 in. They showed that postheating en- 
hances elongation, and reported a correlation between 

low ductility and the occurrence of white shiny fracture 
surfaces, which they considered to be characteristic of 
hydrogen embrittlement. They showed that “‘fisheyes’’* 
are associated with concentrations of hydrogen in weld 
defects, and that they may be eliminated by postheating. 
By cathodically charging two previously heated speci- 
mens, they were able to reproduce the lower ductility 
and fracture appearance found in the as-welded condi- 
tion. No measurements of hydrogen content were at- 
‘tempted, but it was assumed that heating produced no 
‘ignificant changes other than the elimination of hydro- 


; gen. Specimen elongations ranged from 8.5 to 15.0% 


lor eight as-welded specimens, and from 14.5 to 16.0% 
lor Six specimens subjected to the longest heating periods 
at temperatures ranging from 225 to 1110° F. 

_ sims and Dahle* report that welds heated 15 hr. at 
(00° F. exhibited considerable improvement in ductility. 
Specimens consisted of uare, cross-weld tensile bars 
cut from butt-welded */,-in. plate and machined to 
cause failure in the weld. They attribute the improve- 
— solely to the elimination of hydrogen in view of an 
: Served increase in tensile strength, which they con- 
tend would be inconsistent with other structural changes 
‘Avoring increased ductility 


6. Thermal Stress Relief 


categories of structures are subjected to a 
relief” treatment after welding. An in- 
requirem found in the case of pressure vessels where the 

Specified by boiler construction codes. 
ture unif a ctice consists of heating the welded struc- 
holdin se to a temperature of 1100-1200° F., and 
* mad hr. per inch of maximum thickness, followed 
reductic m cooling at a moderate rate. A considerable 
—_" 1 residual stress is accomplished at the ele- 


A char sett 
acteristic appearance often noted in the fracture of welds. 
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INFLUENCE OF HYDROGEN ON DUCTILITY 


vated temperature through the plastic adjustment of 
stressed regions. 

While there is agreement that the treatment promotes 
ductile behavior, the mechanism by which the improve- 
ment is obtained is not clear. Residual stresses are re- 
duced, but at the same time the treatment promotes a 
coarsening of the carbides and permits the escape of 
hydrogen. 

At one time it was supposed that the principle benefit 
was derived from the reduction of residual stress. 
Typical of this opinion is the chapter on pressure vessels 
and boilers in the 1942 edition of the Handbook of the 
AMERICAN WELDING Society.** At present it is probably 
the general belief that carbide coarsening is a more im- 
portant factor. It has also been suggested that the 
incidental removal of hydrogen may be important. The 
present status of the problem was defined recently by 
the Welding Research Council’s Committee on Pressure 
Vessel Research, which stressed the desirability of know- 
ing how much benefit is derived from each of the possible 
factors." The same committee noted the need for a 
general study of the postheating of welds, and of the in- 
fluence of hydrogen. 


7. Objects and Methods of the Investigation 


The principle aims of the investigation may be stated 
as follows: 

1. To study the influence of hydrogen on the duc- 
tility of welds under conditions designed to produce a 
wide range of hydrogen contents and ductilities. 

2. To make an extensive study of the postheating 
of welds, evaluating the effects of “thermal stress re- 
lief’’ and general postheating, and isolating the individual 
effects of the changes in residual stress, hardness, and 
hydrogen content. 

The aims are, of course, supplementary, each study 
contributing to the pursuit of the other. 

A simple type of ‘‘bead on plate’”’ specimen was em- 
ployed. It was prepared from */,-in. mild steel plate 
with */,-in. E6010 electrodes. Essential steps in the 
investigation are outlined in the following: 


1. Various test procedures were studied in quest 
of a method suitable for the ductility deter- 
minations. A notched bend test at —40° F. 
was adopted. 

2. Apparatus was constructed to permit determina- 
tion of the hydrogen content of weld metal cut 
from bend test specimens. 

3. Ductility, hydrogen, hardness, and residual 
stress determinations, were made after post- 
heating treatments of various durations at 
temperatures from 250 to 1150° F. 

4. The data of step 3 were examined for indications 
of a dependency of ductility on hardness or 
residual stress. The results were inconclusive, 
suggesting the importance of another factor. 

5. The data from step 3 were examined for indica- 
tions of a correlation between ductility and 
hydrogen content. The outcome was again 
unsatisfactory, indicating no simple overall 
correlation, but not excluding the possibility 
of a more complex relationship. Additional 
data were seen to be required. 

6. Aseries of tests was made on specimens subjected 
to a pickling operation after postheating. This 
was done to replace hydrogen lost in postheat- 
ing, and thus to isolate its effect. A quantita- 
tive separation was obtained. 

Low-hydrogen welds were prepared by special 
processes and subjected to the various deter- 
minations before and after postheating. 
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Fig. 2—Bend Test Specimen 


8. Preheated wélds and rapidly cooled welds were 
examined to determine the effects on ductility, 
hydrogen content, and hardness. 

9. Mechanically stress-relieved (prestrained) welds 
were studied in a similar manner. 

10. Over-all conclusions were drawn on the basis of 
the accumulated data. 


Because of the formidable nature of the undertaking, 
it was necessary to limit the scope of the investigation in 
certain ways. The more important limitations are 
listed in Section 29. 


8. Selection of Specimen and Ductility Test 


To simplify standardization of the welding procedure, 
as well as to reduce welding time, “bead on plate’ speci- 
mens were employed (i.e., a- single weld bead was de- 
posted on the surface of a plate). This type of weld is 
significant because it resembles the last pass of a multi- 


Fig. 3—Notch Contour; Center Line Section Through Full 
Thickness of E6010 Bend Test Specimen; 6 
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layer butt weld. The last pass is the least ductile por- 
tion of a butt weld, since it is subjected to the most rapid 
cooling” and is not reheated by subsequent passes. 

A notched bend test was adopted for ductility de- 
terminations. Bend tests are convenient since they 
minimize problems of specimen preparation, and allow 
the testing of large specimens on a machine of moderate 
capacity. Specimens were bent as centrally loaded 
simple beams with the weld in longitudinal tension. 

As a result of exploratory work, it was decided to con- 
duct the tests at —40° F. and to employ a cross-weld U 
shaped notch of '/,-in. radius. Under these conditions 
bend angles ranged from 11° for as-welded specimens to 


Fig. 4—Bending Jig and Auxiliary Equipment 


29° for those subjected to thermal stress relief. The low 
temperature rendered the material so notch sensitive 
that complete and instantaneous fracture coincided with 
the appearance of the first sizable crack in the weld metal. 
(For a discussion of cracking characteristics see Appendix 
1.) 

The low-temperature, notched condition imposes 
severe restructions on ductility, and thus simulates the 
most critical service conditions. 


9. The Bend Test 


The general appearance of the bend spect! 


iS 


shown in Fig. 2. Over-all dimensions are */;  * 
Figure 3, a section through the centerline of wer 
indicates the relative proportions of the weld " tal an 
the notch. — 
The bending jig fabricated for use in the tests ~ — 


in Fig. 4. It employs a 6-in. span with a * 


In use, the 

at the supporting shoulders and plunger.* 1" \'%* 
f mparable 
* Jackson™ studied the effects of plunger radius in tests © Ope aay, 


nature. Employing radii ranging from '/: to 1'/: in he foun 
effect of this variable on bend angle. 
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plunger was attached to the stationary crosshead of a 
900,000 pound hydraulically loaded Tate-Emery-Bald- 
win-Southwark universal testing machine, and the lower 
half was placed in an alcohol tank on the machine’s 
lower, movable platen. The alcohol, maintained at 
_40° F. was of sufficient depth to insure immersion of 
the specimen and a portion of the plunger. The ap- 
pearance of the entire testing assembly is shown in Fig. 5. 
The outer tank seen in this figure served to catch oc- 
casional overflow from the alcohol container. 

The bath was maintained at —40° F. by the frequent 
addition of small pieces of dry ice, an immersion ther- 
mometer being employed for temperature indications. 
Before insertion, specimens were precooled on dry ice to 
approximately —40° F. After insertion, a period of 
several minutes was allowed for attainment of the bath 
temperature. Specimens were then bent to failure at a 
nearly constant rate of 0.20 in./min. 

Specimen deflections were measured during the bend- 
ing by means of a dial gage and stop attached, respec- 
tively, to the crosshead and platen of the testing ma- 
chine. An experimentally determined relation was used 
to convert measurements of deflection to equivalent 
bend angles. For angles up to 60° the relation is linear, 
a (.020-in. deflection being equivalent to a bend angle 
of one degree. Deformation measurements represent 
the sum of the elastic and plastic components. 


10. Specimen Preparation 


Bend test specimens, some 250 in number, were flame 
cut from */, in. semi-killed hull quality ship plate. 


/4 
The plates had been rolled from the same heat and were 
in the as-rolled condition. The chemical analysis of 


the steel and the tensile properties of standard plate 
specimens were as follows: 


Composition, % 


Tensile Properties 


4s 0.24 Yield stress..........39,000 psi. 
Manganese........ 0.48 Ultimate stress....... 67,400 psi. 
Silicom, 0.05 Elong. in Sis......... 25.5 % 
Phosphorus 0.012 

Sulphur...........0.080 


Stringers of non-metallics were prominent in the micro- 
structure and were strongly revealed by deep etching. 
Utherwise, the structure appeared to be normal for this 
class of material. 


_The welds were made with */,-in. electrodes of the 
E6010 class.* This is the type most widely used in the 


were taken from a single 50 pound box of in. ““Vertex”’ electrodes, 
Popular brand produced by the Metal and Thermit Corporation. 


Fig. 5— 
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Fig. 6—Typical Penetration and Reinforcement Contours for 
E6010 Welds; Section Through Bend Test Specimen 


welding of mild steel. It employs a cellulosic coating 
and produces welds of high hydtogen content. Before 
welding, the mill scale was ground from specimens along 
the path of the weld. Welding was accomplished man- 
ually in the downhand position by an experienced opera- 
tor (the writer). Conditions were typical of production 
work with this type of electrode, namely 


Electrode size....... 3/16 in 


Control over the first three factors was comparable to 
that obtainable by mechanical methods. The are speed 
may have been more irregular. It was regulated by striv- 
ing to deposit a bead of fixed and uniform width. Since 
a single electrode sufficed for the welding of each speci- 
men, no arc interruptions were required. 

During welding the specimens lay on a steel table. 
Immediately after welding, they were placed on wood 
surfaces, weld up, to cool in still air. This practice 
promoted uniformity of cooling from specimen to speci- 
men, but probably caused the cooling rates at the lower 
temperatures to be lower than are genérally encountered 
in practice. Such a difference would be expected to 
facilitate the escape of hydrogen during cooling, and 
thus to modify any embrittling effect of the gas. 

Figure 6 reveals characteristic crown and penetration 
contours. Figure 7 shows representative micro-struc- 
tures for the weld metal and for the fusion line region. 
The structures are believed to be typical of mild steel 
welds made in practice under comparable conditions. 
Careful micro-examination of a limited number of speci- 
mens disclosed no cracks in either the weld metal or heat- 
affected zone. 

Postheating was done in air in convection furnaces and, 
consequently, considerable time was required for speci- 
mens to approach the furnace temperature (approxi- 
mately 20 min. in one furnace and 40 min. in a second). 
For this reason, estimates of effective post-heating time 
may be subject to considerable error in the case of the 
shorter periods. The exposure times listed in this report 
refer to total furnace times minus the heating periods 
mentioned above. 

The U shaped notches were cut after postheating. 
Each was made in a single cut with a '/s-in. diameter 
convex milling cutter. The notch depth was 0.20 + 
0.003 in. below the plate surface at the weld, increasing 
to somewhat greater values at the plate edges as a result 
of the warping induced by welding. 


11. Hydrogen Determination Samples 


The samples used in hydrogen determinations con- 
sisted entirely of weld metal cut from bend test speci- 
mens. A metal-cutting band saw was used for the 
cutting operation. The rippled weld surface was ground 
away to remove the scale and to expose clean metal. 
After sawing and grinding, samples were lightly polished 
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Fig. 7—Typical Microstructures of E6010 Welds 


on a steel power brush. They were washed in carbon 
tetrachloride and ether just before testing. Sample di- 
mensions were approximately 3'/, x 7/s x '/s in., the 
average weight being 13 gm. 

It was established early in the investigation that the 
hydrogen contents of postheated specimens were not 
significantly affected by extended storage, by the bend 
test, or by the heating occasioned during sawing. Con- 
sequently, such samples were cut from broken bend test 
specimens and were sawed without special precau- 
tions. Specimens having unstable hydrogen contents 
were kept on dry ice to reduce loss of hydrogen during 
storage. They were sawed, ground, and polished under 
refrigeration, with frequent interruption to permit cool- 
ing in a bath of dry ice and alcohol. 


12. Hydrogen Determinations 


Hydrogen determinations, some 100 in number, were 
made by the hot extraction method.® *-%* The samples 
were held for one hour at 1200° F., and the extracted gases 
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were collected and analyzed. The apparatus construc 
ted for the purpose is fully described in Appendix . 
It incorporates many features developed by Newell” 
modified, however, by an analysis circuit patterned after 
that of Holm and Thompson.’ The analysis vo 
effects the separation of water vapor and hydrogem ‘10% 
the residual gases,* and measures the quantity of &" 
of the three fractions. ad 

Special auxiliary tests and studies based upon 2 large 
number of samples revealed that under the conditions 
of extraction 


1. No gas except hydrogen was derived pees 
interior of samples, water vapor and residual gases D°" 
obtained from other sources. 

2. The hydrogen blank for the process W« 
mately 0.028 cc. per sample, equivalent to " 
All hydrogen analyses were corrected on t 
this blank. Appendix 3 lists typical gas 4” 


approx 
22 cc. pet 


e basis o 
lyses, and 


thought 
* For reasons disclosed in Appendix 3, the residual gas¢ 


consist of CO and CO. 
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contains a discussion concerning the blank, and the 70 
sources of water vapor and residual gases. % w “ 
Some writers contend that the hot vacuum extraction WG [oq — 
method may fail to remove all of the hydrogen from 4 50 — on 
steel.* In the present case, however, it is be- OR ° 
lieved that all of the hydrogen was indeed obtained. 40 
The evidence is discussed in Appendix 4. x % 30 = y- 2 
That the precision and reproducibility obtained areof 
a high order is attested by Fig. 11, which is based upon Q 20 zN €: 
the extensive determinations on postheated welds. as | 
The greatest source of error is probably that associated >-——3 | = 
with the hydrogen blank. Four separate blank deter- 0 ~e A ee ee 
minations yielded values of 0.042, 0.015, 0.033 and 0 RK  . 400 600 800 1000 1200 
0.024 cc. per specimen. The scatter is small, however, OSTHEATING TEMPERATURE °F 
when compared with the hydrogen contents ordinarily Fig. 9—Effects of Postheating on Residual Welding Stress 


encountered in welds. 


The following observations are based upon the 850 and 
1150° F. data in Fig. 8. 


1. The greatest improvement in bend angle is found 


[ at 1150° F., the highest temperature employed 
In order to evaluate the effects of postheating on weld and approximately that of the usual thermal 
ductility, specimens were subjected to bend tests after a stress relief treatment. The improvement is 
variety of post-heating treatment. Temperatures clearly time-dependent. 
ranged from 250 to 1150° F. with exposures from as 2. Since the values for all specimens heated at 850° F. 
little as 1/2 hr. to more than 100 hr. The results are 


s/s I lie between 23 and 25°, there is little indication 
shown in Fig. 8, which also shows the values obtained in of time-dependency at this temperature. 


13. Effects of Postheating on Ductility 


tests on ‘‘as-welded” specimens stored 1 to 2 days at 3. Much less scatter is encountered at 850 and 
| room temperature. (These latter are plotted with the 1150° F., than at the lower temperatures. 
| 250° F. group). The average bend angle for the as- This suggests that an important cause of the 
welded” condition was 11° with minimum and maximum scatter may reside in the material itself, rather 
; values of 7 and 15°. than in the testing conditions, and that the 

it will be noted that a great deal of scatter appears cause may be removed by heating to the higher 

in the results for the as-welded specimens, and for those 


temperatures. 
heated at temperatures up to 650° F. Efforts to reduce 


the scatter by careful standardization of the testing and 


The following observations are based upon the data 
notch cutting procedures were unsuccessful. 


for temperatures up to 650° F. Because of the bad 
scatter, the indications are not as clear 


jo 250 °F 5? (550 oF as at the higher temperatures. 
“a | | wn 4. The improvement in bend angle 
obtainable at temperatures up 
to 650° F. appears to be inde- 
0 « ¥ 10 
] Va pendent of temperature. The ae 
19°) are clearly less than those 
yp for 850° F., but the maxima 
S-WELDED or equal those for the 
igher teniperature. 
x = 5. It appears that full improvement 
construc: is obtained in less than one 
yendix 2. ‘ hour at temperatures from 
owell® 20 le | 350 to 650° F. (just as at 
ned alter 10 850° F.). Additional exposure 
ygen from bend angle. Longer periods 
y of may be required at 250° F. 
/ 
a large The significance of these observa- 
~ ditions tions will be considered later in rela- 
“one? 40 | 150 F 8 tion to the effects of postheating on 
hydrogen content and hardness. It is 
from the 40 | clear at this stage, that low-temperature 
ises being | | heating is effective in improving the 
ol ductility of welds. Such treatments 
appros | | = ~ | || may offer advantages in commercial 
12 applications where ductility is impor- 
| tant, but where full thermal stress relief 
basis ! ‘ is not justified. 
o In this connection, it would be de- 
sirable to know if the scatter prevalent 
thought * POSTHEATING TIME , HOURS POSTHEATING TIME, HOURS after postheating is independent of that 
: Fig. 8—Effect of Postheating on E6010 Weld Ductility for as-welded specimens, or is merely a 
947 
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reflection of the latter. (Can an as-welded specimen 
having a low bend angle be expected to fall in the lower 
portion of the scatter band after postheating?) The 
data furnish no answer to such a question. 


14. Effects of Postheating on Residual Stress 


Although this study is concerned principally with in- 
vestigating the possibility of a relationship between 
hydrogen content and ductility, auxiliary data were de- 
rived to show the effects of postheating on residual stress 
and hardness. The results are presented in this section 
and in several which follow. ; 

A series of specimens was subjected to residual stress 
determination in the as-welded and post-heated condi- 


tions. Post-heating temperatures included 350, 650, 
#2 
3 
| ° 
/ 2 8 16 32 
65 
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-/2 + 
(4) 2 4 8 16 32 


TIME AT TEMPERATURE , HAS. 
Fig. 10—Effect of Postheating on Hardness of E6010 Welds 


850 and 1150° F. with a time of 3 hr. in each case. 
Stress measurements were made by a relaxation method 
employing electrical resistance strain gages.*®* The 
weld reinforcement was ground from each specimen 
and an SR-4, AR-1 rosette-type gage was attached at 
the midlength position. (This type of gage measures 
both longitudinal and transverse strains over 1/, in. 
gage lengths). The small piece of metal containing the 
gage was sawed out and residual stresses were calculated 
on the basis of longitudinal and transverse strain read- 
ings before and after sawing. 

The results relating residual stress to post-heating 
temperatures are shown in Fig. 9. 

The as-welded and 1150° F. values are in agreement 
with previous measurements on welded structures.**. * 
It is believed that the effects of the intermediate tem- 
peratures have not been studied previously. 

As for correlation between the residual stress and 
bend test data, few conclusions can be drawn from Figs. 
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8 and 9. Since postheating causes generally parallel 
changes in the directions of increasing ductility and lower 
residual stress, it can not be concluded from these data 
alone that residual stress is unimportant. On the other 
hand, such parallel behavior does not necessarily indi- 
cate that the changes in ductility are dependent on those 
in residual stress. 

In section 25 it is shown by means of mechanically 
stress-relieved specimens that stress relief is actually re- 
sponsible for little, if any, of the ductility increase pro- 
duced by postheating. This finding is consistent with 
the unsuccessful efforts of other investigators to relate 
gross residual stress to the mechanical behavior of welded 
plate.® 4. 4° It is reasonable to believe that residual 
stresses have an adverse effect only when the opportunity 
for plastic flow is otherwise severely limited by service 
factors. The bend angles obtained indicate that such a 
limitation does not exist in the present work. 

Figure 9, then, is to be regarded as merely describing 
the incidental changes in residual stress which accom- 
pany more important changes in hardness and hydrogen 
content. 


15. Effects of Postheating on Hardness 


The effects of postheating on weld metal hardness were 
determined in the following manner. Longitudinal 
strips containing the weld were sawed from each of 
several unbent bend test specimens. Each strip was 
sawed transversely to obtain numerous hardness speci- 
mens of 5/;, in. thickness. The latter were divided into 
two groups. One, consisting of alternate specimens, 
was retained to represent the unheated condition, and the 
specimens of the other group were heated at a single 
temperature for times from 1 to 16 hr. The heated 
specimens were later ground to remove any surface ¢! 
fects occasioned by heating. Rockwell B readings wer 
then made on surfaces perpendicular to the weld axis 
The change produced by postheating was evaluated by 
comparing the hardness on the face of a heated sample 
with that for the initially adjacent face of an unheated 
specimen. Comparable readings were thus obtained 01 
parallel surfaces separated by no more than */, in. 1n the 
original specimen. This procedure was required by th 
occurrence of random variations of several RK, unit 
along the length of an unheated weld. The average 4 
welded hardness was 91.5 R, at a depth level with the 
plate surface. 4 

The results relating hardness to postheating are shown 
in Fig. 10. Each point is based upon the comparison “' 
a pair of adjacent surfaces. The following observation 
may be made. 


1. The changes in hardness obtained at 450 and 
650° F. are small with respect to the scat“ 
affecting them. Although it appears tliat som 
general softening occurs at these temperatur’ 
the greatest decrease in hardness 1s "0 -_ 
than 2 R, (based upon the average ‘ ilues 101 
given treatments). 

2. The change at 850° F. may be somew! 
but is no more than 3 Rz. 

3. Softening at 1150° F. is much more })' 
and obviously may be expected to co! 
the incteases in ductility produce 
temperature. 
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While carbide coarsening ‘was observed in | 
structure of welds (and parent metal) after 
1150° F., no structural changes were evident | 
specimens. Thus, it is not certain that car}! 
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ing is responsible for the persistent, but very small de- 
creases in hardness at the lower temperatures. 

Since it seemed that the removal of hydrogen might be 
responsible for small hardness changes (possible through 
the relief of internal stress), tests were made to check this 
possibility. A specimen was heated 3 hr. at 850° F. to 
remove all hydrogen. The weld was then sawed into 
hardness specimens, and alternate specimens were 
charged with hydrogen by immersion in 10% H,SO, 
at 120° F.* A comparison of pickled and un- 
pickled specimens showed that no changes in hardness 
resulted from the introduction of hydrogen in this man- 
ner. Zapffe and Haslam, studying the hardness of 17% 
chromium-1% carbon stainless steel wire before and after 
cathodic electrolysis, have reported similar findings.** 

Sloman, Rooney and Schofield observed that arc welds 
in mild steel showed consistent decreases in hardness 
when heated for 26 days at 400° F. after normalizing."”” 
They made no effort to relate the softening to mechanical 
behavior, but observed that it was accompanied by the 
appearance of nitride needles in the micro-structure. 
Although similar needles were not observed in the pres- 
ent investigation, it is possible that the general low- 
temperature softening may be of a similar nature. The 
presence of nitrides might be less obvious in the cast 
structure of the as-welded condition than in normalized 
weld metal. 


16. Comparison of Ductility and Hardness Data for 
Post-Heated Specimens 


With regard to a possible relation between ductility 
and hardness, the following observations are based upon 
a comparison of Figs. 8 and 10. 


|. "As just noted, it seems that decreases in hardness 
are surely associated that the large bend angles 
produced at 1150° F., especially with the in- 


* The hydrogen content was not determined after heating. By comparison 
poy pickled specimens, it may be presumed to have been at least 2.5 
gm. 


crease obtained between the first and sixteenth 
hours. 

2. The changes in hardness produced at the lower 
temperatures are so small with respect to the 
scatter, that definite conclusions are not pos- 
sible. Since, even at 450° F. (the lowest tem- 
perature studied) there appears to be a small 
general increase in hardness, it is difficult to 
exclude the possibility that it is responsible in 
part, at least, for the corresponding increases 
in bend angle. 

3. The fact that the small decreases in hardness at 
450 and 650° F. are of about the same magnitude 
and are more or less independent of time 
parallels the bend angle behavior for these 
temperatures. 

4. If hardness is a decisive factor, the scatter ap- 
parent in Fig. 10 may be regarded as a possible 
explanation of the scatter affecting the bend 
angles at the lower temperatures. In this case, 
however, it is difficult to reconcile the scatter in 
the 850° F. hardness with the extremely repro- 
ducible bend angles for the same temperature. 

5. To obtain definite indications of the possible in- 
fluence of hardness, it would be necessary to 
make a more detailed study. Considerable 
effort would be required to obtain significant 
results in view of the small hardness changes 
produced by postheating, and the larger varia- 
tions along the length of a weld. 


In summary, the data of Figs. 8 and 10 indicate that 
hardness is certainly an important factor in the usual 
thermal stress relief treatment at 1150° F. Its impor- 
tance at the lower temperatures is neither affirmed nor 
disproved. It is clear only that large changes in bend 
angle are accompanied by small changes in hardness and 
that, if a dependency exists, it must be an extremely 
sensitive one. 

In the foregoing, it is understood that references to 
the importance to hardness apply not only to this factor 
itself, but to any unknown factors paralleling or produc- 
ing the change of hardness. 
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17. Hydrogen Contents of Parent Metal and As- 
Welded Specimens 


Hydrogen analyses of four samples cut from unwelded 
plate revealed an average content of 0.45 cc./100 gm. 
for the parent metal. Individual values were 0.53, 
0.42, 0.61 and 0.26 cc./100 gm. 

An average value of 4.10 cc./100 gm. was obtained in 
tests on four unbent specimens tested in the ‘‘as-welded”’ 
condition, after storage periods of from one to three days. 
Two of the samples were sawed under refrigeration, the 
others without special measures to avoid heating. The 
results were: with refrigeration 4.03 and 4.28 cc./100 
gm.; without refrigeration 4.10 and 3.98 cc./100 gm. 
Since these values indicate little, if any, loss of hydrogen 
from as-welded specimens sawed without refrigeration, 
cooling measures were omitted in the preparation of all 
post-heated specimens. 


18. Effects of Postheating on Hydrogen Content 


Many of the post-heated specimens used previously 
in bend tests were later subjected to hydrogen analyses 
to determine the effects of postheating on hydrogen 
content. The results are shown in Fig. 11 which also 
includes results for as-welded specimens stored for 
periods up to several thousand hours. This figure also 
shows the results of check tests made on unbent speci- 
mens immediately after postheating. They reveal 
that neither the bending operation nor subsequent 
storage affect the hydrogen content of post-heated speci- 
mens. 

An important observation based upon Fig. 11 concerns 
the shapes of the curves denoting hydrogen content as a 
function of time. The curves are strikingly similar at 
all temperatures, the essential difference appearing to 
be one of rate alone. In the times employed, all hy- 
drogen was removed at temperatures as low as 650° F., 
and it appears that full removal could be effected at lower 
temperatures (even at room temperature), if only suffi- 
cient time were allowed. This observation is in direct 
conflict with the views of some investigators.® It 
has important implications with regard to the complete- 
ness of extraction and the question of diffusible and non- 
diffusible hydrogen in welds. These subjects are dis- 
cussed in Appendices 4 and 5. 


19. Comparison of Ductility and Hydrogen Content 
Data for Post-Heated Specimens 


Having produced a wide range of bend angles and hy- 
drogen contents by means of postheating, it is possible to 
examine the data of Figs. 8 and 11 for indications of a 
relation between ductility and hydrogen content. | 

Post-heating treatments which remove all or nearly 
all of the hydrogen (850 and 1150° F.) are seen to 
produce large increases in bend angle. The bend angles 
produced at 1150° F., however, are greater than those 
for 850° F. Moreover, at the former temperature there 
is a definite dependency of ductility on time, which per- 
sists after the removal of all hydrogen. These are clear 
indications that at least a portion of the improvement 
obtained at 1150° F. results from other factors. The 
large decrease of hardness (Fig. 10) is undoubtedly in- 
volved. 

The wide range of hydrogen contents produced at the 
lower temperatures allows a significant observation of 
another sort, namely, that there is little, if any, correla- 
tion between total hydrogen contents and the large in- 
creases in bend angle produced at these temperatures. 
At 350° F. for instance, the increase appears to be inde- 
pendent of time, although hydrogen contents are clearly 


time-dependent and range from 3.4 to 0.5 cc./100 gm. 
The same situation is apparent at 450° F. From this 
observation it can be concluded only that ductility js 
entirely unrelated to hydrogen content, or that the de- 
pendency, if one exists, is of a complex sort. 

If the removal of hydrogen is responsible for increases 
in ductility at the lower temperatures, it appears that 
special significance must be attached to the first stages 
of removal. Such possibilities as the following must then 
be considered. 


1. A total hydrogen content only slightly lower than 
that initially present may be critical. 

2. Ductility may be adversely affected by localized 
hydrogen concentrations, the average content 
being of no significance. If such concentrations 
exist, their removal may be possible without 
large changes in the average content. 

3. Hydrogen may be present in more than one form, 
and only a small portion may be harmful. Per- 
haps this portion is rendered harmless, or is the 
first to be removed by postheating. 


Support for such possibilities if found in the low tem- 
perature bend test and hardness data of Figs. 8 and 10. 
As noted earlier, important increases a ductility are pro- 
duced at 250-650° F., whereas the corresponding changes 
in weld hardness are small. Furthermore, the ductility 
increases are nearly independent of time and tempera- 
ture. These circumstances are consistent with explana- 
tions based upon the importance of the first stages of 
hydrogen removal. 

On the other hand, such explanations seem less plau- 
sible when it is recalled that much hydrogen escapes 
during the slow cooling of specimens following welding. 
The hydrogen content immediately after solidification is 
at least 13.3 cc./100 gm.* After the escape of 9.2 
cce./100 gm. during cooling, it would seem unlikely that 
the next small increment should be of special impor- 
tance. The possibility can scarcely be dismissed, how- 
ever, since so little is known concerning the role and con- 
dition of hydrogen in supersaturated steel. . 

On the basis of the data for post-heated specimens, it 
is impossible either to reject or to accept the explanations 
suggested. The need for further tests is apparent. 

Summarizing, a comparison of Figs. 8 and 11 reveals 
no simple relation between ductility and hydrogen con- 
tent. It is clear that if any dependency exists, speci’ 
importance must be attached to a small portion of the 
total content. It is also evident that, regardless 0: the 
role of hydrogen, it alone cannot account for the im- 
provement in ductility obtained by postheating 
1150° F. 


20. The Effects of Hydrogen in Artificially Charged 
Specimens 

After the study of postheated specimens failed ‘o 

isolate the effects of hydrogen from those of other vat 


ables, a more direct approach was attempted. pec 
mens were subjected to post-heating treatments knows 
to remove all or nearly all hydrogen. They were = 
recharged by pickling in dilute H2SO,, and en 
jected to bend tests. Additional specimens, s!™ rd 
postheated and pickled, were reheated before ben's 
to remove the hydrogen gained during pickling. ty, 3 
Three post-heating treatments were used, 
hr. at 650° F., 3 hr. at 1150° F. and 16 hr. at L190 Fo 
The first was selected since it produced bend re 
typical of low temperature postheating, an¢ 9° 
capable of removing most of the hydrogen. The : “elie 
corresponds closely to the usual thermal stress 
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* As determined in tests on quenched welds. See Section ¢ 
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treatment. The 
ductility. 

Pickling was accomplished by immersing specimens 
in 10% HeSO,y at 120° F. for 7 to 10 hr. Hydrogen con- 
tents just after pickling were determined for two speci- 
mens, and were found to be 2.33 and 2.34 cc./100 gm. 
It should be noted that the values are less than those for 
as-welded specimens. Specimens were bent within 1 to 
thr. after pickling. Those subjected to reheating were 
held 3 hr. at 650° F., reducing the hydrogen content to 
approximately 0.30 cce./100 gm. 

The results of the tests are shown in Fig. 12. It may 
be seen that pickling produces sizable decreases in bend 
angle, and that the losses are entirely restored by re- 
heating, 

It is believed that the decreases in bend angle are due 
solely to the introduction of hydrogen, since it is doubtful 
that any type of damage not associated with hydrogen 


could be produced by pickling, and then be completely 
removed by such reheating. 


Before proceeding, an important possibility will be 
noted. It is at least conceivable that the embrittling 
lect of hydrogen introduced in pickling is greater than 
‘iat of the hydrogen present before postheating.* 
Such a possibility would seem difficult to disprove. 
Figure 12 suggests, however, that the effects are in fact 
‘milar. The bend angles for the pickled 650° F. speci- 
liens are very nearly equal to those for the as-welded 
Condition, It seems unlikely that this is a mere coin- 
“dence, since previous considerations have suggested 
= the improvement achieved at 650° F. (and at lower 
: res) may be due entirely to the removal of 
Yerogen. A similar observation has been made by 
ars and Sims.'* By cathodically charging two welds 
3 oa heated at 750° F., they reproudced the lower 

“tlity characteristic of the as-welded condition. 


ing . 's assumed that the hydrogen introduced by pick- 
lay ent to that present before postheating, the 
hvdre ig. 12 may be used to distinguish the effect of 
“4; 5-2 removal from the other benefits produced by 


Postheatin g. The factors may be separated as follows: 


third produces extreme increases in 
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ce Section 21 on Stability of Hydrogen Content in Pickled 


J HRS. AT 650°F 
Fig. 12—Effects of Acid Pickling on the Ductility of E6010 Welds 


INFLUENCE OF HYDROGEN ON DUCTILITY 


3 HRS AT 1150 °F HRS AT 1/50°F 


3 Hr.at 3Hr.at 16Hr. at 
650° F. 1150° F. 1150° 

Total improvement produced by 

postheating 7 19 30 
Improvement due to hydrogen re- 

moval in absence of other 

changes 7 7 7 
Improvement due to all other 

changes when accompanied by 

hydrogen removal 0 12 23 


Improvement due to all other 
changes in absence of hydrogen 
removal 0 6 8 

Improvement due to hydrogen 
removal when accompanied by 
other changes 


J 


99 
ae 


It appears that the effect of hydrogen in terms of bend 
angle is not independent of the other factors. (The 
separate effects are not additive.) 

Summarizing, the following observations and con- 
clusions are based upon the tests on pickled specimens. 


1. The introduction of hydrogen into hydrogen-free 
welds by means of pickling produces an em- 
brittling effect, even when the amount added is 


less than that present in the as-welded condi- 
tion. 


2. Since the amount required for embrittlement is 


less than that found in many post-heated welds 
of superior ductility (see low temperature data 
in Figs. 8 and 11), it again appears that the 
total hydrogen content is less important than 
some portion of the total. 

It is not known whether the hydrogen introduced 
by pickling is fully equivalent to that present 
in welds before postheating, but circumstantial 
evidence suggests equivalence. 

4. Assuming equivalence, it is possible to distinguish 
the beneficial effects of hydrogen removal from 
those of other factors. This has been done in 
several cases, including one similar to the usual 

thermal stress relief treatment. 
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21. Stability of Hydrogen Content in Pickled 
Specimens 


It is of interest to note that the hydrogen content of 
pickled specimens is less stable than that for the as- 
welded condition. The latter is approximately 4.10 
cce./100 gm., and is little affected by sawing without 
refrigeration, or by room temperature storage of several 
days duration. Considerable hydrogen is lost from 
pickled specimens under similar conditions. Two de- 
terminations on samples analyzed immediately after 
pickling, and sawed under refrigeration yielded values 
of 2.33 and 2.34 cc./100 gm. The values for four speci- 
mens sawed without refrigeration and tested after several 
days ranged from 0.62 to 0.97 cc./100 gm. The com- 
parative instability of the pickled specimens is in con- 
trast to their lower hydrogen content. It might be sup- 
posed that at least a portion of the hydrogen in steel 
occurs as localized high concentrations, and that the 
density of such regions produced by pickling is less than 
in as-welded specimens. The greater stability of the 
latter could then be attributed to the escape of hydrogen 
during cooling. . 

Whatever explanation may be used to reconcile the 
instability of the pickled specimens with their lower hy- 
drogen content, this behavior tends to weaken any as- 
sumption concerning the equivalence of pickling hydro- 
gen and as-welded hydrogen. 


22. Tests on Low-Hydrogen Welds 


In the foregoing tests it has been shown that low- 
temperature postheating produces ductility improve- 
ments in E6010 welds originally high in hydrogen con- 
tent. While it is clear in the case of pickled specimens, 
that the improvement is due to the removal of hydrogen, 
this is not certain for as-welded specimens. To provide 
additional information, the method of welding was al- 
tered to produce welds originally low in hydrogen con- 
tent, but otherwise similar to those used previously. 
It was considered that the importance of hydrogen 
would then be indicated by bend tests, if the following 
results were obtained. 


(a) If the as-welded ductility of the low-hydrogen 
specimens were equal to that produced by the 
postheating of E6010 welds, and 

(6) If the new welds failed to exhibit increases in 
bend angle after low temperature postheating. 


Two welding methods were employed. In the first, 
electrodes with lime-base coatings were substituted for 
the hydrogen-rich E6010 class. In the second, the sub- 
merged arc (Unionmelt) process was used employing 
the usual anhydrous mineral flux. 

Lime-base coatings for mild steel electrodes are a re- 
cent development known to reduce cracking difficulties 
in steels otherwise difficult to weld. 
The improvement is generally attri- 
buted to the low potential hydrogen 


« BEFORE POSTHEATING 


7.7 = 0.3 in./min. 
9.1 + 0.2 in./min. 
Cooling procedure........ as before 


The submerged arc welds were made in the laboratory 
of H. E. Kennedy of Berkeley, Calif., employing */,, in, 
Linde No. 36 electrodes with Unionmelt No. 20-209 
flux. The weld beads were approximately the same size 
as those produced with the E6010 and HTS electrodes. 
Higher heat inputs were required, however, because of 
the abundant flux employed in the Unionmelt process, 
The welding conditions were as follows: 


Miectrode @ine............ 3/16 in. 

22, 28, 30 and 33 v. 
(two specimens for each 
voltage) 

11.5 in./min. 

Burn-off.................not known 

Cooling procedure........air cooled (details not 
known) 


A wide range of voltages was employed, since it has been 
reported that the ductility of Unionmelt welds may de- 
pend upon the welding voltage.*® 

The hydrogen contents of the HTS welds were deter- 
mined in tests on samples sawed from two as-welded 
specimens without refrigeration. They were: 1.25 cc. 
100 gm. after 1 day storage at room temperature; 0.74 
cce./100 gm. after 4 day storage at room temperature. 

There is a great deal of uncertainty about the hydro- 
gen contents of the Unionmelt welds. The following 
values were obtained from samples sawed without re 
frigeration, after storage at room temperature. 


Storage 
Arc Period, Hydrogen, 
Voltage Days Ce./100 Gm 
33 3 1.14 
30 9 0.74 
30 26 0.32 
22 25 0.00 
22 26 0.09 


The results appear to indicate a dependency of hydr 
gen content on voltage, storage time or both. Thes 
possibilities while interesting were not studied further 
Since Kennedy“ reports that the ductility of Unionmel! 
welds is strongly dependent on the welding voltage, 1t 


. of interest to note that the hydrogen content may als 


depend upon this factor. 

The low-hydrogen welds were subjected to bent 
tests both in the as-welded condition, and after post 
heating for 3 hr. at 650° F.t| The results are shown ™ 


+ HTS and Unionmelt specimens were bent one and two days respect! "ely 
after welding. 


content of the coating. Murex */,.- 30 
in. “HTS’’* electrodes were selected 
for this type of weld. The pro- 


cedure was similar to that described 
previously, except that a slightly 
higher current was required to obtain 
an equivalent burn-off rate. The 


following conditions were used. 
Electrode size...... 3/16 in. 


BEND ANGLE , DEGREES 


20 
10 inf 
Arc voltage........ 22-23 volts 0 


220 = 10 amp. 
* Produced by the Metal and Thermit Corp. 
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Fig. 13—Ductilities of Several Types of Welds Before and After Posthe ating 
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Fig. 13 which, for purpose of comparison, includes the 
corresponding data for E6010 welds in the original con- 
dition and after pickling. 

The following observations are based on Fig. 13. 


|. The as-welded ductility of the low-hydrogen welds 
is practically identical with that for welds hav- 
ing higher hydrogen contents. 

9. The response of the low-hydrogen welds to low 
temperature heating is also similar. 

3. (Incidentally) There is little indication of an ef- 
fect of voltage upon the ductility of the Union- 
melt welds. 


Observation 1 and 2 fail to confirm the importance of 
hydrogen. On the contrary, they suggest (as have the 
previous tests) that either 


(a) The removal of hydrogen is not responsible for 
the improvement in bend angle produced by 
low temperature postheating, or 

(b) If the removal of hydrogen is responsible, then 
the original content itself is not decisive. 


In the latter case, it is apparent that, regardless of the 
original content, it is necessary to remove some further 
hydrogen to obtain the improvement in bend angle. 

Observations 1 and 2 are consistent with those of other 
investigators who have studied related problems. 
Kennedy* reports that Unionmelt welds made in an at- 
mosphere containing hydrogen were just as ductile as 
those made in the usual manner. Jackson’ finds that 
al improvement in ductility occurs during room tem- 
perature storage of welds made with either lime-base, 
E6010, or bare electrodes. 

Observation 3 is in conflict with the previous findings 
of Kennedy, who observed a marked effect of voltage 
on the ductility of Unionmelt welds. Perhaps, however, 
the scope of the present work is too limited to produce 
significant results in this regard. 

In connection with Fig. 13, it should be emphasized 
that the ductilities of welds produced by different proc- 
esses (and accordingly having widely different hydrogen 
contents) are strikingly similar before postheating, and 
that the welds respond in similar fashion when subjected 
to a low temperature treatment. This suggests that 
whatever the mechanism of improvement may be, it is 


probably similar in all cases, with the possible exception 
of the pickled welds. 


23. Tests on Preheated Welds 


_This section deals with tests performed on preheated 
E6010 welds, to determine the effects of preheating on 
ductility, and to produce further evidence concerning 
the role of hydrogen. 

As is well known, preheating tends to prevent the 
underbead cracking of welds in problem steels. It also 
enhances the ductility of sound welds.*! 

The effectiveness of the process is probably related to 
4 reduction in cooling rate, the latter affecting the aus- 
‘enite transformation, and promoting a coarser carbide 
dispersion than would otherwise be obtained. It has 
“en suggested that’ the elimination of hydrogen during 
7 cooling may also be an important factor.!°'* It 

as Seemed reasonable to assume, that the higher the 
poeting temperature, the lower would be the final 
tw Although some investigators have 
re cd the benefits of preheating to an assumed re- 
thes os in residual stress, it has recently been shown 
‘nificant reduction is obtained at temperatures 
the as 375° F.% The preheated specimens of 

Prescnit investigation were welded at 150, 275, and 
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Fig. 14—Effects of Preheating on Ductility, Hydrogen Content 
and Hardness of E6010 Welds 


375°F., the procedure being otherwise similar to that 
used with previous E6010 specimens, 

The welds were subjected to bend tests (one day after 
welding), hydrogen determinations, and hardness meas- 
urements, the latter on samples cut from the unbent por- 
tions of broken bend specimens. Some of the 375° F. 
specimens were postheated 3 hr. at 650° F. before 
testing. The results, shown in Fig. 14, support the fol- 
lowing observations. 


1. The higher the post-heating temperature, the 
greater is the bend angle. Large improvements 
are obtained at 375° F. 

The higher the preheating temperature, the 
greater is the hydrogen content of the weld 
metal. 

3. The higher the preheating temperature, the lower 

is the hardness of the weld metal. 

4. Low-temperature postheating of the 375° F. 

welds reduces the hydrogen content to a low 
value, but has no effect on ductility. 


Observations 1 and 3 are in accord with expectations. 
There is no reason to doubt that the low hardness values 
are due to the influence of preheating on the austenite 
transformation. The large improvement in ductility at 
375° F. is noteworthy, since in cases where full thermal 
stress relief is not possible, such preheating offers im- 
portant advantages. Although preheating has long been 


bo 


used to combat the underbead cracking of difficult steels, 
its possibilities in mild steel welding have probably not 
been sufficiently appreciated. 

Observation 2 was entirely unanticipated.’°'® The 
data clearly establish that increases in hydrogen content 
result from preheating. It is believed that this important 
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Fig. 15—Typical Micro-Crack in E6010 Weld Metal Induced by Quenching 
After Welding; 250 x 


effect has not been reported previously. Since slow cool- 
ing promotes the escape of hydrogen, it appears that pre- 
heated welds must absorb a greater than normal amount 
of the gas while in the molten condition. The latter 
stage is of course prolonged by preheating. This ex- 
planation is partially confirmed by hydrogen determina- 
tions on specimens quenched directly after welding. The 
contents of two unpreheated specimens and one pre- 
heated specimen were as follows: 


Hydrogen 
Preheating Content, Storage Time (Welding 
Temp., ° F. Ce./100 Gm. to Analysis) 
75 13.09 7 hr. on dry ice 
75 12.06 4 hr. at 75° F. + 40 hr. 
on dry ice 
375 15.42 4 hr. on dry ice 


In all hydrogen determinations cited in this section, 
samples were sawed under refrigeration. 

While the postheating treatments described in pre- 
vious sections enhance ductility, they cause simultaneous 
decreases in both hardness and hydrogen content. It 
has, therefore, been difficult to distinguish the separate 
effect of hydrogen. In the case of the preheated welds, 
however, the increases in ductility are attended by de- 
creases in hardness and increases in hydrogen content. 
The evidence concerning the role of hydrogen is therefore 
somewhat clearer. 

It is obviously difficult to reconcile observations 1 and 
2 with any simple theory asserting the harmful effects of 
hydrogen on weld ductility. It can scarcely be con- 
cluded, however, that the possibility of agreement with 
more complex theories has been disposed of. While the 
total hydrogen content is certainly not decisive, it is 
still conceivable that the retarded cooling induced by 
preheating may promote the removal of some harmful 
fraction of the hydrogen, which is not as fully removed 
by ordinary cooling. 

Observation 4 confirms the view that hydrogen is not 
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harmful in the 375° F. welds, although 
present in greater than normal quantities. 


24. Tests on Quenched Welds 


To extend the study of cooling rates, a 
series of specimens was quenched directly 
after welding. It was intended, incidentally, 
to obtain an approximate determination of 
the hydrogen content just after solidification. 
The latter results have been used in the pre- 
vious section. 

Specimens were prepared in the usual 
manner with E6010 electrodes, and were 
plunged into water within 5 sec. after weld- 
ing. (The temperature of the water rose 
to about 120° F. during the quench.) They 
were tested both in the as-welded condition, 
and after postheating 3 hr. at 650° F. to effect 
the removal of hydrogen. After brief storage 
at room temperature, the as-welded speci- 
mens were maintained on dry ice until tested. 
Bend tests were performed 4—6 hr. after weld- 
ing. Samples for hydrogen analyses were 
sawed under refrigeration. 

The results were as follows: 


Bend Hydrogen 


Angle, Content, Re 
Degrees Cc./100 Gm. Hardness 
Quenched As-welded 3 cae 00.6 
specimens As-welded 3 12.06 90.4 
As-welded 13.09 
3 hr. at 650° F. 12 0.25 89.3 
3 hr. at 650° F. 6 acd - 
Ave. values As-welded 11 4.10 91.5 
for normal 3hr.at 650° F. 19 0.30 91.0 
specimens 
(for com- 
parison) 


The following observations are based on these data. 


1. The ductility of quenched specimens is extremely 
low. There is little, if any, plastic deformation. 

2. The quenched welds are no harder (and, if any- 
thing, are softer) than normal. 

3. Low-temperature postheating removes most of the 
hydrogen and causes some softening, but fails 
to restore ductility even to the normal as-welded 
value. 

The low ductility is somewhat surprising. It 1s ¢v! 

dent that quenching has permanently damaged the 
welds. Careful examination disclosed that the welé 
metal of all quenched specimens (even those subse- 
quently reheated) contained numerous short microscop'‘ 
cracks following grain boundary and interdendritic paths. 
No cracks were found in the heat-affected zones "0! 
were any present in specimens cooled under normal con- 
ditions. A typical crack is shown in Fig. 1o. es 
It is believed that the occurrence of such cracks ! 
welds has not been observed previously, and the observ 
tion is potentially of considerableimportance. 

It is often assumed that the cooling rate following 

welding is significant only in so far as it affects the ae 
carbide dispersion (hardness) and that, if the pro . 
the austenite transformation is pearlitic, the ling 
rate after completion of the transformation 1s 1" 
quential. In the present case there is reason to © 
that quenching occurred well after completion 
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transformation, and that a pearlitic structure was ob- 
tained. Subsequent quenching, however, has an ob- 
viously disastrous effect. 

Reasons for believing that the transformation was 
complete before quenching are as follows: 


1. Aside from the cracks, the micro-structures of the 
weld metal and heat-affected zone are normal. 
The hardness of the weld is, if anything, less than 

in the normal specimen. 

3. Since an average time of 72 sec. was required for 
the welding of each specimen, quenching oc- 
curred about 40 sec. after solidification at mid- 
length. The midlength temperature was at 
that time no greater than 550° F.*, whereas 
the austenite transformation should have been 
complete at a temperature above 900° F.* 
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The occurrence of cracks under these conditions sug- 
gests that the high hydrogen content at the time of 
quenching, together with the stresses induced by rapid 
cooling, may be responsible. This is, of course, not 
certain but whatever the explanation may be, it appears 
that the problem is important and merits further investi- 
gation. It is suggested that valuable information may 
be obtained by employing a series of quenching tempera- 
tures and cooling rates, and by making welds by a 
variety of processes so as to obtain both high and low 
hydrogen contents. 

The matter was pursued no further in the present in- 
vestigation. 


25. Tests on Prestrained Specimens—Importance of 
Residual Stress 


This section deals with tests on E6010 specimens pre- 
viously subjected to small tensile strains. The purpose 
of the tests was two-fold: 


1. To obtain relief of residual welding stresses by 
purely mechanical means so that subsequent 
bend tests might isolate the influence of residual 
stress on ductility. 

2. To study the possible effects of weld metal strain- 
aging. 


It has been shown previously that residual welding 
Stresses may be relieved by plastic deformation.*.44—4¢ 

Welds were deposited in the usual manner along the 
central nine inches of */, x 6 x 36 in. specimens. The 
iollowing day the specimens were stretched 2'/2% toa 
stress of approximately 47,000 psi. The grip sections 
were then removed by sawing to restore the standard 
tune inch length. Two specimens were reserved for stress 
determinations; three were bent in the as-welded condi- 
tion; and one was bent after 3 hr. at 650° F. 

The two specimens subjected to residual stress deter- 
minations yielded values of 12,000 and 9000 psi. longitu- 
dinal tension at the midlengths of the welds. The trans- 
verse stress was 1000 psi. tension in each case. As ex- 
— the final longitudinal stresses approximate the 
| ~ — between the original stress of 55,000 psi. 
ee 1 t) and the loading stress of 47,000 psi. The 
fea ache ed by prestraining is equivalent to that ob- 
— thermally in 3 hr. at 1050° F. (Fig. 11). 

oe specimens were stored three days at room tem- 
Perature after welding. They were then tested in the 


us anne 
ual manner with the following results: 
* Th ralue 
Polytechnie 1 = based upon experimental results obtained at Rensselaer 
the present work, of ship steel under similar conditions.*’ 
“Position indicated a value no an temperature 60 sec. after 
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Bend 
Angle, 
Condition Degrees Re 
Specimens stretched As-welded 4 
2'/2% As-welded 3 94.9 
As-welded 4 
3 hr. at 650° F. 
Ave. values for nor- As-welded 11 91.5 
mal specimens (for 3 hr. at 650° F. 19 a 


comparison) 


The data allow the following observations. 


1. The ductility of prestrained specimens is exceed- 
ingly small in the as-welded condition, and the 
low ductility is associated with high hardness. 

2. Low-temperature postheating causes some im- 
provement, but the bend angle fails to equal 
that for normal as-welded specimens. 


Figure 8 indicates that a bend angle of at least 25° 
may be expected when normal specimens are stress-re- 
lieved to the same degree thermally. The very low 
values attained by prestrained specimens indicate, there- 
fore, that relief of stress is actually responsible for very 
little of the benefits derived from the various post-heat- 
ing treatments. The effect of residual stress has not, of 
course, been completely isolated since the low-bend 
angles reveal that at least one other factor has been in- 
troduced by prestraining. It is apparent, however, that 
any benefits derived from stress relief must be small since: 


1. They are completely overshadowed by the harmful 
effects of the other factor. 

2. Heating at 650° F. (which can effect little addi- 
tional stress relief) doubles the bend angle after 
prestraining. This indicates that even the 
very nearly complete relief of stress which was 
achieved is of less benefit than low-temperature 
postheating. 


It is conceivable, of course, that under more severe 
service or testing conditions the relief of residual stress 
may be more important than indicated in the present 
tests. 

Throughout this report, it is understood that the term 
“residual stress’ refers to gross stresses of the sort 
measured. They are not to be confused with fine scale 
stresses operating over microscopic and submicroscopic 
distances. 


26. Tests on Prestrained Specimens—Strain-Aging 


It is necessary now to account for the low ductility 
exhibited by prestrained specimens. 

Approximate calculations indicate an elongation of at 
least 20% at the base of the notch in a normal as-welded 
specimen having a bend angle of 11°. Since the pre- 
strained specimens were stretched only 2'/2%, work- 
hardening alone can be responsible for only a small por- 
tion of the loss in ductility. 

It seems probable that the remainder of the decrease 
results from a particularly vicious type of strain-aging.' 
Many steels are subject to this affliction,** “ but it is 
believed that the strain-aging of weld metal has not been 
reported or studied previously. 


t After plastic deformation and subsequent storage at ordinary tempera- 
tures, some steels exhibit a loss of ductility and develop high notch sensitivity. 
Pete phenomenon, known as strain-aging, is accelerated by low-temperature 

eating. 
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Whether or not this explanation is correct, the obser- 
vations are of potential importance since it is evident 
that weld metal may be seriously embrittled by small 
' degrees of strain. Plastic deformation is encountered in 
some fabrication procedures. Welded plate, for in- 
stance, may be subjected to cold forming operations, a 
practice which would seem to invite embrittlement un- 
less followed by suitable thermal treatment. It is 
known that peening of the outside passes of welds should 
be avoided if ductility is to be preserved. Perhaps 
‘strain-aging (as well as work-hardening) is a factor in this 
case. 

Since a 2'/s% deformation is so effective in inducing 
brittle behavior, one wonders if the plastic straining of 
weld metal during the cooling which follows deposition 
may not have a similar, if lesser, influence. According 
to DeGarmo, the strain during cooling is no greater than 
0.5%.” 

In the absence of evidence to the contrary, it seems 
that strain-aging may be a factor in the scatter encoun- 
tered throughout the investigation in the cases of as- 
welded specimens, and those postheated at low tempera- 
tures. While this is by no means certain, the possibility 
is consistent with the lack of scatter at 850 and 1150° F. 
The higher temperatures might effect re-solution of the 
precipitates responsible for embrittlement. 

It is not proposed to treat the problem of strain-aging 
farther in this study. Because of its indicated impor- 
tance to welding, however, the problem would seem to de- 
serve investigation. Bend tests might be made after a 
variety of prestraining treatments and storage times. 


27. Over-all Evaluation of the Influence of Hydrogen 


The accumulated evidence concerning the effect of hy- 
drogen may be divided into two categories. The first 
includes the results of all tests except those involving 
pickled specimens. On the basis of this evidence alone, 
either of two conclusions is admissible. They are: 


A. The hydrogen contents of normally cooled welds 
have a negligible influence on ductility, or 

B. Hydrogen is a factor but only a small portion of 
the total content is harmful. This portion per- 
sists after normal cooling, but may be eliminated 
by low-temperature postheating or by the slow 
cooling which follows preheating. 


The more important evidence supporting this pair of 
alternatives follows. 


1. Comparable specimens, prepared by the various 
welding processes, exhibit nearly identical 
ductility in the as-welded condition, although 
they possess widely different hydrogen contents. 

These specimens respond in identical fashion 
when postheated 3 hr. at 650° F. This treat- 
ment, which removes most of the hydrogen, re- 
sults in a large improvement in ductility. 

A wide range of hydrogen contents may be pro- 
duced by postheating E6010 welds at tempera- 
tures from 250 to 450° F. There is little corre- 
lation, however, between the total hydrogen 
contents and the ductilities of such welds. 

Preheated welds have superior ductility in the as- 
welded condition in spite of their unusually high 
hydrogen contents. 

Removal of hydrogen at 650° F. does not evoke 
a further improvement in the ductility of pre- 
heated welds. 


On the basis of this evidence alone, conclusion A seems 
much the more probable. 


The second category of evidence is based upon the 
tests on pickled specimens. It is clear that the hydrogey 
introduced into hydrogen-free welds by means of pick. 
ling produces a strong embrittling effect, even when th 
amount added is less than that present in the as-welded 
condition. 

A most important question now arises. It is not 
known whether the hydrogen introduced in this fashioy 
is equivalent to that present in normally cooled welds, 
Some evidence indicates that this may be the case. If so, 
hydrogen is obviously an important factor in welding 
and conclusion A must be rejected in favor of B. On thy 
other hand, if it can be established that pickling hydro 
gen has a more strongly embrittling effect than similar 
quantities introduced through normal welding practices, 
than all support for alternative B is removed and its suit 
ability becomes very doubtful. In this regard the in 
stability of the hydrogen contents of pickled welds may tx 
significant.. 

A fundamental difficulty in interpreting the results 
arises from a lack of knowledge concerning the distribu 
tion of excess hydrogen in steel and the mechanism oj 
hydrogen embrittlement. Further work along these 
lines will probably be required before the role of hydro 
gen in welds can be fully understood. 

In the absence of more definite indications, the follow 
ing observation is of practical importance. Assuming 
that weld ductility depends in some way upon hydrogen 
content, it may prove difficult to cope with the problem 
Lime-base electrodes have been developed with thi 
specific purpose of imparting the least hydrogen con 
sistent with other arc welding requirements. The du 
tility of lime-base welds, however, is seen to be no better 
than that of the hydrogen-rich E6010 variety. 


28. Overall Evaluation of the Factors in Thermal 
Stress Relief and General Postheating 


While the principal purpose of the investigation was 
study the role of hydrogen, it was intended also to make « 
general study of the postheating of welds and of th 
factors responsible for the increase in ductility produce: 
by postheating and thermal stress relief. Stress relit! 
and reduction in hardness were considered as well «& 
hydrogen removal. 

Although postheating results in decreases in residua! 
stress, it appears that stress relief as such is responsibl 
for little if any of the increase in ductility. 

Carbide coarsening is clearly responsible for a porto" 
of the ductility increase at the higher temperature 
The responsibility for the remainder of the increase © 
obscured by the uncertainty concerning the r le ot by 
drogen. If the pickling data are considered pertinen!, 
they permit a quantitative separation of the effects 0! 
hydrogen removal and carbide coarsening. Separate 
made under conditions simulating thermal stress re’ 
indicate that the effects are not simply additive but 4" 
interdependent (Section 20). 

With regard to low-temperature postheating, ' : 
clear that large improvements in ductility my be 
tained at temperatures as low as 250° F. (the lowest 
vestigated), but the mechanism remains incertain- 
It if is concluded on the basis of the pickled — 
that hydrogen is a factor, then practically all 0! ~~ 
provement must be assigned to the eliminatio'' 
gen. If this conclusion is rejected, an explan:'10" at 
be sought in terms of softening or more obscur’ 18°" 
Since the large changes in bend angle are acco1))/41"" 
very small decreases in hardness, any dep’ 
hardness must be an extremely sensitiv‘ 
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mechanism of low-temperature softening is not clear 
since no microstructure changes are evident. 

If the work on pickled specimens is disregarded, the 
remaining tests suggest a better overall correlation be- 
tween ductility and weld hardness than between the 
former and total hydrogen content. This is the case 
not only for post-heated specimens but also for those 
subjected to preheating and prestraining. 


29. Limitations of the Investigation 


In interpreting the results, it must be remembered 
that the scope of the investigation was limited in certain 
ways. The principal limitations, which are listed below, 
ire of possible importance. 


|. Arbitrary testing conditions were employed in 
the evaluation of ductility. The various rela- 
tions and trends obtained may not hold under 
all conditions. . 

2. Hydrogen and hardness determinations were made 
for the weld metal alone, since the bend test 
fractures.appeared to originate in the weld 
metal rather than the heat-affected zone. 
Other investigators have attached greater im- 
portance to the hardness of the heat-affected 
zone. 

3. Hydrogen determinations reveal only the total 
(or average) contents for large samples and fail 
to indicate any localized concentrations which 
may be present. They fail also to distinguish 
separate forms of hydrogen should more than 
one exist (for example—atomic and molecular 
forms, hydrides, etc.) 

!. In the tests on pickled specimens, it was not 

proved that the hydrogen introduced by pickling 

was necessarily equivalent to that present in 
the as-welded condition (with regard to its in- 
fluence on ductility). 

». No effort has been made to take into account such 

‘obscure, but perhaps important factors as the 
relief of micro-strains which may attend post- 
heating. Precipitation and resolution phenom- 
ena have not been studied except as they may 
influence hardness. 


30. Summary and Conclusions 


_An effort has been made to correlate the ductility of 
£6010 mild steel welds with the hydrogen content of the 
weld metal. Supplementary tests were made to deter- 

mine the effects of residual stress and weld hardness. 
Ductility was evaluated by means of a notched bend 
test at —40° F. Hydrogen analyses were made by a 
‘acum extraction method at 1200° F. To secure a 
wide range of ductilities and hydrogen contents, speci- 
Hens were subjected to a variety of treatments, including 
a preheating, and rapid cooling. Additional 
specimens were prepared with lime-base 
eg - by the submerged arc process for compari- 
further ae 1e hydrogen-rich E6010 welds. To obtain 
with sbi hydrogen-free welds were charged 
meats of pickling. An extensive study 
Say ng Ww as made to determine its effects on weld 
€ss and residual stress, as well as upon hydrogen 


“ontent and ductili 
: ent oa ductility. Postheating temperatures ranged 
rom 250 to 1150° F 


The 


follows rincipal results and conclusions may be listed as 
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l. 


2. 


9. 


10. 


11. 


12. 


The introduction of hydrogen into hydrogen- 
free welds by means of acid pickling produces 
an embrittling effect even when the amount 
added is less than that present after normal 
welding. 

Excluding the tests on pickled welds, the remain- 
ing evidence fails to establish a relation of hy- 
drogen content to ductility. Either of two 
alternative conclusions is possible. The first 
denies the importance of hydrogen in normally 
cooled welds. The second recognizes its 
importance, but requires a complex depend- 
ency, and asserts that only a small portion of 
the total hydrogen content is harmful. 

The second alternative must be accepted if the 
tests on pickled welds are considered pertinent. 
Thus the decisive question concerns the equiva- 
lence of the hydrogen derived in pickling and 
in welding. 

It is not definitely known whether the hydrogen 
derived from welding has the same embrittling 
effect as that produced by pickling. There is 
strong evidence that it may. The hydrogen 
content of pickled welds, however, is less stable 
than that of the as-welded condition. 

If the tests on pickled specimens are accepted 
as pertinent, they furnish a quantitative isola- 
tion of the effects of hydrogen in ‘“‘thermal 
stress relief’’ and other post-heating treat- 
ments. Such a separation has been made. 
Practically all of the ductility improvement 
produced by low-temperature postheating must 
be assigned to the elimination of hydrogen. 

A fundamental difficulty in interpreting the 
experimental results, arises from the lack of 
knowledge concerning the distribution of excess 
hydrogen in steel, and the mechanism of hydro- 
gen embrittlement. Further work on these 
problems may be required before the role of 
hydrogen in welding can be fully understood. 

Postheating at temperatures above 850° F. 
eliminates all hydrogen in a short time, and 
produces a large increase in ductility. Treat- 
ments at temperatures from 250 to 650° F. 
cause sizable increases in ductility, but pro- 
duce a wide range of hydrogen contents and 
fail to indicate a correlation between these 
effects. 

Large decreases in hardness are produced by 
postheating at the upper temperatures. They 
involve carbide coarsening and clearly con- 
tribute to ductility. After postheating at 
temperatures up to 650° F., there is a very 
small, but persistent, decrease in hardness. 
Neither its cause nor its relation to ductility 
is clear. Tests indicate that it is not caused 
by the removal of hydrogen. 

Under the conditions of the investigation, re- 
ductions in gross residual stress are responsible 
for little, if any, of the improvement in duc- 
tility produced by postheating. 

The as-welded ductility of high-hydrogen E6010 
welds is practically identical with that of 
comparable low-hydrogen welds produced by 
the submerged arc process, and by means of 
electrodes having lime-base coatings. 

The response of low-hydrogen welds to low- 
temperature postheating (650° F.) is the same 
as that of E6010 welds. In each case there 
is a large increase in ductility. 

It appears that all hydrogen may be removed by 
postheating at temperatures as low as 350° F., 
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if sufficient time is allowed. Full removal is 
probably possible at even lower temperatures, 
but much longer times are required. 

The higher the preheating temperature, the 
greater is the hydrogen content of preheated 
welds (at temperatures up to at least 375° F.). 
This may be explained in terms of greater 
pick-up during the molten stage. 

Preheated welds have superior ductility in spite 
of their high hydrogen contents. The duc- 
tility obtained by preheating at 375° F. is 
equal to that obtained by postheating normal 
welds at temperatures up to 850° F. 

The removal of hydrogen does not cause a further 
improvement in the ductility of welds pre- 
heated at 375° F. 

E6010 specimens quenched shortly after welding 
(and presumably after completion of the aus- 
tenite transformation) exhibit fine micro- 
cracks in the weld metal, and have negligible 
ductility. It is believed that the cracks result 
from a combination of cooling stresses and the 
very high hydrogen contents trapped by 
quenching. This behavior may be of eonsid- 
erable practical significance. 

17. There are indications that the hydrogen content 
of Unionmelt welds may be influenced by the 
welding voltage. 

18. No gas, except hydrogen is derived from the 
interior of E6010 welds during vacuum ex- 
traction at 1200° F. 

A 2'/,% tensile strain followed by three day 
aging at room temperature reduces the duc- 
tility of E6010 welds to negligible values. It 
appears that the weld metal is highly sensitive 


19. 


to strain-aging. This observation is of prac- 
tical importance, since welds are occasionally 


subjected to plastic deformation after deposi- 
tion, 
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APPENDIX 1 


Fracture Origin in Bend Tests 


This appendix deals with the origin of fracture the 
bend test. 

Since it has been observed that welds in high-strength 
steels fail in the heat-affected zone, some writers have 
assumed that the behavior of mild steel must be similar. 
This opinion is probably not justified, since the hardness 
of the heat-affected zone is lower in the case 0! my 
steel. 

The work of several recent investigators indicates a 
the fracture of mild steel welds originates in the weld 
metal itself. The evidence includes longitudinal eer 
tests, longitudinal bend tests,” and transverse bend 
tests'® all on un-notched specimens. 

In the present investigation an effort was mace’ 0n- 
termine the starting point of fracture, and 1t was te 
cluded that the origin lay generaily in the weld = 
Some pertinent observations are described in (' 10 
ing paragraphs. 

Several bend tests were made at room temp 
specimens which had been ground flush and 
At small bend angles, orange peel markings ap 
the weld surface. Later, some of the markings 
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(A) At an early stage of bending; 8 x. (8) At an advanced stage; 4 X. 
Fig. 16—-Cracks in Ground and Polished Specimen Bent at Room Temperature 


into short cracks which grew with continued bending, but 
stopped abruptly upon reaching the fusion line. It was 
evident, that at room temperature the heat-affected 
zone strongly resisted crack propagation. Typical 
cracks are shown in Fig. 16. Specimen A represents 
a fairly early stage of development and Specimen B, an 
advanced stage. It is possible to locate the origin of 
gradually developed cracks by noting the position of 
greatest gap width. 

In Fig. 16 it may be noted that short cracks appear 
along the fusion line, as well as in the weld metal. It 
need not be considered that they originate in the heat- 
aifected zone, of course, since there is also weld metal at 
the fusion line. Such cracks grow readily into the weld 
metal, but seldom progress into the heat-affected zone. 

When notched specimens were bent at room tempera- 
ture, the progress of crack formation was found to be 
similar to that just described. Figure 17 is a section 
through the thickness of a notched specimen. The 
section cuts several prominent short cracks at the bottom 


of the notch. It shows that they originate at the surface 
of the weld, rather than in the underlying heat-affected 
zone. 

It was not possible to make observations during the 
bending of specimens at —40° F. It was noted, how- 
ever, that broken specimens often contained short, fine 
cracks in the weld metal at the notch. They were ap- 
parently similar to the first short cracks occurring at room 
temperature. When the halves of fractured specimens 
were fitted together, there was rarely a gap to indicate 
the fracture origin. The few exceptional cases indicated, 
however, that fractures had started in the weld. The 
most prominent gap observed is that shown in Fig. 18. 
The specimen was postheated 16 hr. at 1150° F., and 
was bent in the normal manner at —40° F. 

Figure 19 illustrates the remarkable ability of the 
heat-affected zone to resist crack propagation at room 
temperature. The specimen was bent after the weld 
had been nicked with a sharp chisel to a depth just be- 
low the plate surface. 
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Fig. 17— Sections Through Typical Small Cracks Developed at Base of Notch in First Stages of Bending 
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Fig. 18—Fracture Appearance; Notched Specimen Postheated 
16 Hr. at 1150° F. and Bent at —40° F. 


APPENDIX 2 


Apparatus and Procedure for Hydrogen Determination 


Hydrogen determinations were made by the hot 
vacuum extraction method. The apparatus constructed 
for this purpose is shown in Figs. 20 and 21. Some es- 
sential features are described in the following: 

The Extraction System—The specimen tube is of 
“Corning 172” heat resistant glass. It was operated 
for many hundred hours at 1200° F. with no indication 
of deterioration. Access is gained through the ground 
joint. The McLeod gage is provided to allow deter- 
mination of the extraction pressure if desired. When 
stopcock 2 is closed, it is possible to insert specimens at 
the ground joint without affecting the vacuum in the 
remainder of the system. Before re-opening the stop- 
cock, the extraction tube is re-evacuated by connecting 
it to the low vacuum line. 

The Collection System—Two Cummings mercury vapor 
diffusion pumps are arranged in series to deliver gas from 
the extraction system to the Toepler pump or to circu- 


Fig. 19—-Fracture Appearance; “Weld Notched with 60° Chisel 
and Bent at Room Temperature 
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late gas through the combined analysis and collection 
systems. With no specimen in the extraction tube, 

pressure of 10-* mm. Hg is readily attainable. Pres 
sures as high as 10-* mm., however, may be reached jy 
the early stages of extraction from specimens of high- 

hydrogen content. 

The combined Toepler pump and McLeod gage serves 
both to collect gas delivered by the diffusion pumps, an¢ 
to measure its quantity. When used as a Toeple 
pump, a single sweep of the mercury collects approxi 
mately 70% of the gas initially present between th 
diffusion pump and stopcock 4. Thus, four or fiy 
sweeps are sufficient to collect essentially all of this gas, 
and to confine it to the space between stopcocks 4 and 5 
The small bulbs within the latter space have accuratel) 
known volumes (approximately 18, 4.5 and 1 ce.). Th 


Fig. 20—Vacuum Extraction Apparatus 
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Fig. 21—Schematic Drawing of Vacuum Extraction Apparatus 


ipre 


quantity of gas collected is determined by com 
to one of these volumes. The corresponding presst 
may then be read on the adjacent scale. ; 

The Analysis System—The analysis system con® 
a freeze-out trap and a tube of CuO. The tome 
chilled by a dry ice-acetone slush, serves | yee : 
water vapor but not CO.. The CuO tube may de nen" 
to convert H, and CO to H,O and CO; res)" 
may be cooled to inactivity by removal of t!\ 
Temperatures of 650-750° F. were employed 
heated condition. 

Collected gases are analyzed for hydrox: 
stages of circulation through the analysis ! 
systems. In the first, the CuO is used at roo 
ture and only H,O is removed. In the second 
heated, effecting the removal of H: after co! 

HO. The incidental oxidation of CO to | 


yre 


] 
etivels 


bv twi 
lects 


n ti 
ersion 
( 1 tne 


WELDING RESEARCH SUPPLEMENT 


in 
sul 
as 
J 
PUMP 
AP 
Pe 


ction 
4 
Pres 
ed in 
high- 


eTVes 
and 
epler 
n the 
five 


S gas, 
ind 5 
rate ly 

The 


paratus 


last step presents no problem, since no volume change is 
In a few cases the residual gases were studied, 
and it was found that they could be frozen out in a third 


inv ilved. 


circulation employing liquid nitrogen at the trap. It is, 
therefore, presumed that the residual gas is CO,, and 
that the gases evolved from welds during the extraction 
process are Hy, HzO, CO and CO, (possibly only one of 
the latter pair). 

The Auxiliary Low Vacuum System—A low vacuum 
line, connected to a Hy-Vac oil pump is used to operate 
the McLeod gage and Toepler pump. It is also required 
for preliminary evacuation of the specimen tube, after 
the insertion of a specimen. 

The time required for a complete hydrogen determina- 
tion is approximately two hours (from insertion of the 
specimen to completion of the analysis). 


APPENDIX 3 


The Hydrogen Blank and Sources of Other Gases 


In the course of the investigation, analyses were made 
for hydrogen, water vapor and residual gases in tests on a 
large number of weld specimens, and in, certain auxiliary 
tests Hesigned to determine the sources of the gases and 
the value of the hydrogen blank. Some of the data are 
summarized in Table I. They lead to the following im- 
portant observations : 

|. The quantities of water vapor and residual gas 

are approximately the same for all specimens 
regardless of previous history, whereas the 
hydrogen content varies with treatment. 

2. In tests employing no specimen, but otherwise 
following the standard extraction procedure, 
neither hydrogen nor residual gas is obtained, 
and the amount of water vapor is approximately 
one half of that for the usual test. 

». In tests on previously degassed specimens, the 
usual amounts of water vapor and residual gas 
are obtained along with about 0.028 cc. of hy- 
drogen per specimen. 


These observations appear to justify the following 
conclusions: 


|, The residual gas is obtained from neither the 

specimen nor the apparatus alone, but rather 
Irom a reaction involving both. Since the gas 
is thought to consist of CO and COs, the reac- 
tion probably involves carbon from the steel 
and oxygen from the glass. 

-. About half of the water vapor is derived from the 
glass and the remainder from the surface of the 
specimen—none from the interior of the latter. 

Hydrogen is the only gas derived from the interior 
ol the specimen. Some additional hydrogen, 
however, is obtained from another source, and 
thus constitutes a hydrogen blank for the proc- 
ess. The blank is approximately 0.028 cc. per 

_ Specimen. 

he hydrogen of the blank is probably formed in 
the reaction 


} 


+ Fe = + FeO 
Since the water vapor content is independent 

ol hydrogen content, it appears that the reac- 

hon must proceed strongly toward the right. 
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Table 1—Some Analyses of the Gases Collected by Hot 
Vacuum Extraction (1 Hr. at 1200° F.) 


No. of Specimens 
Tested 


So 

Gas Analysis* 

Condition ie Time, Hr. He H.O Other 

As welded 75 12-3640 620-450 45 149 6 
Postheated weld 250 3-218 500-290 58 141 5 
Postheated weld 350 1.3-230 400-84 61 130 6 
Postheated weld 450 0.8-61 310-72 57 144 . 
Postheated weld 650 0. 7-67 132-39 50 144 6 
Postheated weld 850 1.3-16 63-27 54 15604 
Postheated weld 1150 0.5-5 69-33 44 138 2 
Degassed weld t 28 54 119 4 
No specimen? 0 26 0 2 
Parent metal 107 50 155 1 


* Analyses represent the volumes of gas collected per specimen 
(not per 100 gm.). Weights range from 11 to 15 gm. No blank 
corrections have been applied to hydrogen contents. 

+ After previous vacuum extraction for 15 hr. at 1200° F., 
specimens were polished and washed in the usual way before 
retesting. 

t The apparatus was opened and closed just as if a specimen 
had been inserted. 


APPENDIX 4 


Completeness of Hydrogen Extraction 


While some writers contend that the hot vacuum ex- 
traction method may fail to remove all hydrogen from 
steel,**.*!.34 considerations based upon Fig. 11 indicate 
that in the present case all hydrogen was indeed ob- 
tained. 

Those who question the completeness of extraction, 
cite the allegedly ‘‘stepwise’’ nature of the evolution ob- 
served when a single specimen is heated at a series of 
increasingly higher temperatures. At any given tem- 
perature the evolution is at first rapid. The rate even- 
tually subsides and becomes small. At this stage, it 1s 
concluded that evolution is complete. An increase in 
temperature then produces a new evolution of a similar 
character. 

The author believes that this sort of experiment and 
the conclusions are subject to the following criticism. 
Although the rate at a given temperature may become 
small, it is difficult, because of the hydrogen blank, to 
prove that it reaches zero. One may be tempted to con- 
clude that extraction is nearing completion when in 
fact the rate is merely becoming small and difficult to 
measure. This objection applies especially to extrac- 
tion at the lower temperatures where, as indicated in 
Fig. 11, long periods may be required for full removal. 
The stepwise character of the evolution has also been 
observed at higher temperatures including some ap- 
proaching the melting point. Here it is possible that 
blank errors become so great, that evolution appears to 
continue even after all hydrogen has been removed. 

Figure 11 furnishes evidence of an entirely different 
nature. No effort has been made to collect the hydrogen 
evolved during the various post-heating treatments. 
Instead, the unremoved portion has been studied. 
Difficulties arising from the hydrogen blank have thus 
been reduced, the only blank being that for the final ex- 
traction at 1200° F. As noted previously, the results 
obtained in this way indicate that complete removal of 
hydrogen may be effected at any temperature, so long 
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On the basis of Figs. 11 and 22 and 
the above discussion, it is concluded 


that complete removal of hydrogen is 
effected by vacuum extraction for | 
hour at 1200° F. Strictly speaking, 


the data indicate only that no more 
hydrogen can be extracted at 1240° 
| F. than at lower temperatures. It is 


conceivable, that more might be ob- 
tained at temperatures above 1240° F. 


: through processes such as the decom- 
position of metal hydrides or other 
compounds stable at this temperature, 
Actually, however, there seems to be 
no reason to believe that such com- 
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Fig. 22—-Evolution of Hydrogen from E6010 Weld Subjected to 
Under Vacuum 
as sufficient time is allowed.* The time requirement de- 
creases with increasing temperature and from Fig. 11 it 
appears that, even in the normal atmosphere, { one hour 
at 1200° F. may be sufficient. 

An auxiliary experiment confirming the completeness 
of the evolution at 1200° F.is summarized in Fig.22. A 
single as-welded specimen was heated in the vacuum 
apparatus at a series of temperatures from 250° F. to 
1240° F. It was held several hours at each temperature, 
and frequent analyses were made on the collected gases. 
As may be seen in the figure, the evolution reached com- 
pletion at 850° F., and further increases in temperature 
produced no additional hydrogen. The results are in 
accord with expectations based upon Fig. 11. That the 
total hydrogen content is somewhat higher than for the 
average as-welded specimen, may be attributed to the 
following factors: 


1. Noblank correction has been made. 
2. Errors in the frequent analyses are cumulative. 


* This observation is in agreement with Newell?* who obtained identical 
results by vacuum extraction at all temperatures from 750 to 1650° F. 

t The partial pressure of hydrogen in the atmosphere may of course be little 
if any higher than that in the vacuum extraction process 
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‘ pounds persist after heating to 1240° 
F., or even that they are present in 


Stepwise Heating steel before heating. 


APPENDIX 5 
Diffusible.and Non-Diffusible Hydrogen 


Reeve'* has made a distinction between ‘‘diffusible”’ 
and ‘‘non-diffusible’’ hydrogen. He quenched welds di- 
rectly after deposition, and then collected hydrogen 
over mercury at 450° F. Apparent completion of the 
low temperature extraction was followed by vacuum 
fusion, producing additional quantities of the gas. It 
was concluded on this basis, that there were two distinct 
varieties of hydrogen in welds—one which was evolved 
at low temperatures (diffusible), and another removable 
only at higher temperatures. Particular significance 
was attached to the first type. 

From the data of Fig. 11, it appears that there is in 
fact no fundamental basis for such a distinction. 
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Fatigue Tests on Some Spot-Welded Joints in 
Aluminum Alloy Sheet Materials 


By H. J. Grover and L. R. Jackson* 


Abstract 


In the past few years the National Ad- 
visory Committee for Aeronautics spon- 
sored at Battelle Memorial Institute a 
rather extensive survey of the fatigue 
properties of spot-welded joints in alumi- 
num alloy sheet materials. 


n Three simple structural elements were 
tested: spot-welded stiffened panels, 
sheets with spot-welded attachments and 
spot-welded lap joints. Among the vari- 
ables examined were: sheet thickness, 
spot-weld spacing, and, toa lesser extent, 
sheet material and welding procedure. 
This paper contains a summary and brief 
discussion of the more outstanding fatigue 
test results. 
A Introduction 
1€ URING the war, a considerable num- 
m ber of fatigue tests of spot-welded 
It joints and of riveted joints of aluminum 
ct alloy sheet materials were made at Battelle 
ad Memorial Institute under the sponsorship 
ie of the National Advisory Committee for 
, Aeronautics. The tests were planned to 
ona afford information on various problems of 
current interest in aircraft production. 
in 
a Memorial’ Institute, Columbus 1, 
sh 
ide 
dv, (All Welding Done at Rensselaer Polytechnic Institute, Using Condenser-Discharge Type Welder) 
has Secondary Current Surface Treatment 
Time in Time Peak 
Panel* Millisec. Maximum Current Paint Spot 
spec, Thick- a Elec- Welding Forging — — Removing Shear 
Type ness Peak, To De- trode Pressure, Pressure, To To and Oxide Strength, 
No. In. Amp. Peak cayt Tips? Lb. Lb. Start Max. Degreasing Removing Lb. 
1,2 0.025 24,600 19 69 A 600 1800 0 39 Navy Spec. R.P.I. 410 
F C-67-C No. 10 
3,4 0.032 30,400 16 62 B 800 2400 12 110 Acetone and R.P.I. 460 
Trichlor No. 4 
Ethylene 
Vapor 
° 0,032 26,000 16 73 A 600 1800 17 29 Navy Spec. R.P.I. 432 
as C-67-C No. 10 
4 0,040 37,200 17 61 A 800 2400 8 49 Navy Spec. R.P.I. 492 
89 C-67-C No. 10 
ns 0.051 32,400 16 62 B 800 2400 12 110 Acetone and R.P.I. 505 
Trichlor No. 4 
Ethylene 
_ Vapor 
),025 26,600 15 61 600 Navy Spec. R.P.I. 410 
12.13 C-67-C No. 10 
0.032 37,200 17 57 Cc 800 Navy Spec. R.P.I. 534 
14,15 0 aa C-67-C No. 10 
37,800 16 59 800 Navy Spec. R.P.I. 590 
C-67-C No. 10 


All stiffeners 0.032-in. gage. 

+ ne to dacay to 10%. 

* tip 2'/>-in. Rdome; lower tip flat: A, X 10°; K 10°; C, in. K O°. 
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Spacing, 
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Spec. Panel 
Type Thickness, 
No. In. 
Stiffener 
alone 
.025 
.032 
).032 
.032 
.040 
.040 
.051 
.025 
.032 
.040 15 
.040 .25 


wt 


The test results were described, as they 
became available, in a series of detailed 
progress reports to the N.A.C.A.!~® This 
paper gives a brief summary of the results 
for several types of spot-welded test pieces. 

The investigations were designed to sur- 
vey the fatigue behavior of structural ele- 
ments fabricated under conditions of cur- 
rent production practice, rather than to 
study in detail the separate influences of 
variables in welding procedure. Three 
types of structural elements were studied: 


1. Sheet panels spot welded to stif- 
fener sections. 

2. Sheets with spot-welded 
ments. 

3. Spot-welded lap joints. 


attach- 


For each of these structural elements, 
sheet thickness and spot-weld spacing were 
varied; in some cases, sheet material and 
welding procedures were also varied. 

All specimens were tested under re- 


Av. 
Buckling 
Load P,, 

Lb. 


1750 
1750 
2950 
2950 


3900 
3900 
4600 
4600 
1650 
1700 
3000 
2850 
3300 
4000 


* Total area of stiffener (0.162 sq. in.) plus panel. 


Av. 
Buckling 
Stress, P/A, 

Psi. 


6,360 
6,360 
9,630 
9,630 
5,720 
11,400 
11,400 
11,800 
11,800 
6,000 
6,200 
9,800 
9,300 
9,650 
11,700 


Crippling 
Load 
Lb. 

5,680 


8,400 
7,950 
9,020 
8,300 


Crippling 
Stress, P,/A, 
Psi. 
34,400 


30,500 
28,900 
29,500 | 
27,100 } 
26,100 
30,500 
25,200 
28,500 | 
24,400 | 
31,500 
29,800 | 
29,500 | 
28,000 
28,200 
25,300 


10,445 
8,640 
11,160 
9,520 
8,650 
8,175 
9,000 
8,550 
9,650 
8,600 


SYM.ABOUT &, 


8.0R 


255 2.050 


3.340 


*.050 


Fig. 2—Diagram of Stiffener Section 


Fig 3—A Stiffened Panel Test Piece (After Failure in Fatigue) 
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peated axial loading in Krouse Direct Re- 
peated Stress Testing Machines. The 
machines used were: (1) machines of 10,- 
)0-lb. maximum load capacity and oper- 
ating at 1200 cpm., and (2) machines of 
4000-lb. maximum load operating at 1500 
cpm. Figure 1shows one of the larger 
machines with a spot-welded lap joint 
being loaded. All load values were cor- 
rected for dynamic interstitial effects, and 
were generally set and maintained to 
within about +151b. Further details per- 
taining to specific groups of specimens will 
be given in the following individual sec- 
tions. 

For each group of specimens, tests were 
run at various fixed values of load ratio 
ratio of minimum load to maximum load). 
For each load ratio, specimens were sub- 
jected to different maximum loads, and 
the corresponding lifetimes in cycles de- 
termined. Throughout this paper, the 
term fatigue strength will be used for the 
maximum load (or stress) withstood by a 
specimen for a stated lifetime at some 
stated load ratio. 

Results of fatigue tests on each of the 
three types of structural element are sum- 
marized in the three following sections. 


PARTI. COMPRESSION FATIGUE TESTS 
ON SPOT-WELDED STIFFENED PANELS 


It is common practice in aircraft design 
to stiffen sheet sections to prevent buck- 
ling. Repeated loading of such stiffened 
sheet sections (as may occur in wings un- 
der the influence of atmospheric gusts) 
may cause fatigue failure of the connec- 
tions between sheet and stiffener. To sur- 
vey the fatigue behavior of spot-welded 
sheet-stringer combinations, a number of 
simple stiffened panel test pieces were 
tested under repeated compression load- 
ing. 


The Stiffened-Panel Test Pieces 
The test pieces consisted of 24S-T Al- 


clad sheets, 41/, in. wide, spot welded to 
Curtiss-Wright SS-112-32 


STATIC .051, 9,020 


me—STATIC O40, 


.025, 7,950 


4,00 


2,000 BUCKLING 025, 2,000 


MAXIMUM LOAD IN POUNDS 


10 108 10* 


10* 107 


CYCLES TO FAILURE 


Fig. 5—Compression Fatigue Test —— for Stiffened Panels with 1'/,-In. Spot-Weld 
pacing 


stringer sections. These stringer sections, 
illustrated in Fig. 2, were made from 0.032- 
in.-thick Alclad 24S-T for all test pieces. 
Four thicknesses of panel were used: 
0.025, 0.032, 0.040 and 0.051 in. Spot 
spacings (except at the ends) were */, in., 
1'/, and 2 in. for different specimen groups. 
A completed test piece was about 15.88 in. 
long (see Fig. 3). 

The sheet material used for panels was 
tested in static tension and in static 
compression at the Aluminum Co. of 
America laboratories. In all cases, sheet 
strength properties were found to be nor- 
mal for the material used. All specimens 
were spot welded at Rensselaer Polytech- 
nic Institute through the courtesy of Pro- 
fessor W. F. Hess. All welds were radio- 
graphed before testing. Table 1 gives the 
welding conditions reported for various 
specimen groups. 

Table 2 shows the results of static com- 
pression tests on specimens from each 


hat-shaped group. Several attempts were made to 
T 
STATIC 051, 11,720 
STATIC 040, 10,445 R* 25 
9,000 e-STATIC 032, 9,020 
STATIC 
05! 
4,000 |} < 
x 040 
8,000 BUCKLING 051, 5020 ~ 
BUCKLING .040, 4,400 » 
032 
=  sp00}— 
BUCKLING 082, 2.800 
2,900 
BUCKLING .025, 1,750 
1,000 


: CYCLES TO FAILURE 
fig. 4—Compression Fatigue Test Results for Stiffened Panels with */,-In. Spot-Weld 
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get a definite picture of the buckling pat- 
tern, and to estimate the number of buck- 
ling waves for each type of test piece. 
These results were not highly successful, 
but there was some evidence thaf: (1) at 
high loads, near static failure, the pattern 
was different from that at lower loads com- 
mon in fatigue testing, (2) the number of 
buckling waves was larger for thinner 
panels and (3) there was little difference 
in buckling patterns for spot spacings of 
3/, and 1'/, in., but specimens with spots 
2 in. apart buckled in ridges between the 
spots. 


Results of Fatigue Tests on Stiffened Panels 


Each specimen was held in the fatigue 
testing machine with ends fixed so that 
the center of mass of the specimen was on 
the axis of loading. Nearly all tests were 
made at a ratio of minimum compressive 
load to maximum compressive load of 0.25. 
In the immediately following discussion, 
the term fatigue strength will generally de- 
note the maximum load (or stress) with- 
stood at a load ratio of 0.25 for a specified 
lifetime. 

The criterion of failure in these tests 
was the breaking away of any one spot 
weld to such an extent that the panel at 
that point was completely free from its 
stringer. This usually caused a change in 
load sufficient to actuate the machine's 
cut-off mechanism. 

The results of fatigue tests are shown in 
the series of load-life curves in Figs. 4 
through 8. 

Figure 9 shows the variation in observed 
strengths with variation in sheet gage for 
panels having spot spacings of 1'/, in. 
Strength values are in terms of nominal 
stress (load divided by total area of stif- 
fener plus panel). Fatigue strengths in- 
dicated are nominal maximum stress (the 
minimum nominal stress being one-fourth 
as great), and load values are taken from 
the smooth curves of Fig. 4. It may be ob- 
served that: 


1. Apparently all fatigue failures in 
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one million cycles or less required 
maximum stresses higher than 
buckling stresses for the panels 
concerned. 

The crippling stress decreased with 
increasing panel thickness, while 
the buckling stress increased— 
for the range of thicknesses 
tested. 

The fatigue strength varied with 
panel thickness in the same man- 
ner as the buckling stress. 


Very similar results were found for both 
the */,-in. spot spacing and for the 2-in. 
spot spacing. 

Figure 10 shows strengths of stiffened 
panels of 0.032-in. sheet as functions of 
spot-weld spacings. All strength values 
appear to decrease with increasing spot- 
weld spacing. These results are too lim- 
ited to warrant very general conclusions. 

Comparison of Figs. 4 and 7, and of 
Figs. 5 and 8, suggests that, in these tests, 
panels attached with ‘‘overheated welds” 
were not weaker in fatigue than panels 
made with sound welds. However, there 
were several variable factors in the spot 
welds that make any general conclusion 
from these tests open to question. Some 
of these factors are discussed below. 


Description of Spot Welds and of Fatigue 
Failures 


Figure 11 shows reasonably typical 
sound spot welds from untested panels. 
As may be noted, the welds were from 10 
to 25% longer along an axis in the long 
direction of each test piece than trans- 
verse to this direction. Welds varied in 
size for the 0.025-in. panels. 

Figure 3 showed a failed test piece. 
Nearly always, the spot weld at which the 
panel broke completely free from the stif- 
fener was so severely damaged as to pre- 
clude useful metallographic examination. 
The failure seemed to be a rupture across 
the faying surface of the weld—presum- 
ably largely due to tension through the 
spot weld. 

A number of interesting fatigue cracks 
were found in spot welds adjacent to welds 
that failed so completely. Figure 12 shows 


R= MAX.STRESS 


975 STATIC 


MIN. STRESS 


° 


+—1750 BUCKLING! 


MAXIMUM LOAD IN POUNDS 


10° 10° 10% 


CYCLES TO FAILURE 


Fig. 6—Compression Fatigue Test Results for Stiffened Panels of 0.032-In. Sheet with 
2-In. Spot-Weld Spacing 
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The overheated spot welds varied in size 
and in extent of heat cracking for panels 
0.025 in. thick, and for panels 0.040 in. 
For panels 0.032 in. thick, the 
welds were fairly uniform in size and 


3,900 


about the same size as sound welds in this 
gage of panel, and were nearly all severely 
heat cracked. Figure 13 shows failures in 
overheated spot welds in 0.032-in. panels. 
It may be noted that fatigue cracks do not 
start from the transverse welding heat 
cracks. This appeared generally true for 
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Fig. 11—Spot Welds from Untested Stiffened Panel Specimens 
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panels of 0.025-in. gage, as well as for 
panels of 0.032-in. gage. In contrast, ex- 
cessive welding cracks in some 0.040-in. 


Left-Hand Side of Weld. Magnification 25 x 


Right-Hand Side of Weld. Magnification 75 xX 


Fig. 12—Fatigue Failure in Spot Weld of Stiffened Panel. 
(Panel 0.032 In. Thick. Spot Weld Adjacent to Spot Weld 
of Total Failure) 


Fig. 15—‘“‘Unstressed Attachment’ Fatigue Test Specimen 
(Length 17 In., Width at Grip Ends 5 In., Width at Test Section 
3 In., Attachment 1 In. Wide) 


panels apparently caused considerable dis- 
ruption of the weld structure under im- 
posed repeated stresses. The action seemed 


weld metal around the cracks. 


Left-Hand Side ot Welds Unaffected by Testing 


Spot: Welds Showing Fatigue Failures 


Fig. 13—Fatigue Failures in Overheated Spot Welds in 0.032-In 
Stiffened Panels 


Fig. 14—Monoblock Sheet Fatigue Test Specimen (Length 18 


In., Width at Grip Ends 3 In.; Test Section Cut with 12 !s 
Radius and Having 1 In. Minimum Width 


Fig. 16—“'Stressed-Attachment”’ or ‘‘Sheet-Efficiency 
Test Specimen. (Same as Monoblock Sheet Specime" 
for Width at Center of Test — the Above Case 
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Concluding Remarks on Fatigue Tests of 2. Several types of cracks appeared in these tests, conclusions from them should 


of tiffened Panels welds of failed specimens. The not be extrapolated to different types of 
The repeated compression tests on spot- variation depended upon the po- stiffened panels or different loading condi- 
of 24S-T Alclad sition of the weld examined with tions. 
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me Se . failure. PART II. TENSION FATIGUE TESTS ON 
scribed, indicated that: to be Moderately severe heat cracks due SHEETS WITH SPOT-WELDED ATTACH. 
| more closely correlated with static to welding did not appear to ac MENTS 


buckling strength than with static celerate fatigue failure. There are often cases, in aircraft con- 


crippling strength. In view of the many variables involved in struction, where a sheet section designed 
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— d (a) Unstressed Attachments (b) Stressed Attachments in 0.040-In. Sheet 
2.240 “P) 0.025-In. Sheet; (Center) 0.032-In. Sheet; (Bottom) 0.040-In. Fig. 19—Sectioned Spot Welds from Unstressed Attachment 
Sheet Specimens and from Stressed Attachment Specimens 
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Fatigue Test Results for Unstres 


to withstand repeated loads may have an 
attachment fastened to it. Even though 
there is no load transmitted from the at- 
tachment to the sheet, there exists the pos- 
sibility that stress concentrations at the 
fasteners may weaken the resistance of the 
sheet section to repeated loads. In view 
of this possibility, several sheet specimens 
having spot-welded attachments were 
tested under repeated tension. 


Sheet and Sheet Attachment Test Piece 


Figure 14 shows the type of test piece 
used for monoblock sheet specimens. 
The large-radius circular sweep was 
adopted after difficulties with fillet fail- 
ures in test pieces having a section of uni- 
form width. Calculations indicated that, 


for the region (++*/, in. from the center 
line) where all breaks have occurred, 
stress concentration factors are less than 
1.03. Over that region, the cross section 
varies less than 0.2%. Thus the stress, 
computed by dividing load by cross sec- 
tion area at the center, should be accur- 
ate within 3%. 

Figure 15 shows a typical “unstressed 
attachment”’ test piece. (Tests on such 
specimens were made early in the course of 
these investigations, before specimens with 
continuously varying section area had 
been carefully investigated. As will be 
noted later, many fillet failures occurred 
for these specimens.) Two spot-weld 
spacings were used: */, in. (shown in 
Fig. 18) and 1'/,in. Specimens were 3 in. 
wide at the center section and contained 


0.025-0.025-In. Sheets 


0.032-0.032-In. Sheets 


0.040-0.040-In. Sheets 


0.040-0.051-In. Sheets 


0.025-0.032-In. Sheets 


0.032-0.040-In. Sheets 


0.032-0.051-In. Sheets 


| 


All static failures occurred in the stressed 
sheet across the line of welds 


4 spot welds and 2 spot welds, respectively, 
for the two spacings used. 

Figure 16 shows a typical ‘‘stressed at- 
tachment” test piece.* This consists of 
two sheets fastened together witha row of 
spot welds across the center. The re- 
duced center section was obtained by the 
same large-radius sweep used for mono- 
block specimens. Considerable care was 
exercised in loading such test pieces, so 
that the two sheets were equally stressed. 
Measurements with electrical resistance 
strain gages showed equality of loading to 


within about 6°%. 


Results of Fatigue Tests on the Sheet 
Materials 


Various fatigue test specimens were 
made from different gages and from dif- 
ferent heats of 24S-T Alclad sheet ma- 
terial. Static strength properties of these 
were uniform within the precision of the 
fatigue tests. Representative values are 
given in Table 3 for sheet as-received, and 
for sheet after an additional ‘‘postaging”’ 
treatment of 10 hr. at 370° F., followed by 
air cooling. 

Not all of the sheet materials were 
tested in fatigue. Several lots of 0.040- 
in. sheet gave results within the scatter 
forany onelot. Figure 17 indicatgs results 
for one lot in the as-received condition, 
and Fig. 18 indicates results of specimens 
of the same lot of sheet after an additional 
“postaging”’ treatment. It may be noted 
that the postaging treatment which in- 
creased both static ultimate and static 
yield strengths did not increase the fatigue 
strength of the sheet material. 


Results of Fatigue Tests of Sheet with Un- 
stressed Attachments 


The unstressed attachment test pieces 
were welded at Rensselaer Polytechnic 
Institute on a condenser-discharge welder. 
Conditions were chosen to produce spot 
welds of normal static strength as tested 
by single-spot shear tests. The appear- 
ance of sectioned welds is shown in Fig. 
19. Table 4 gives static strength proper- 
ties of test pieces. Comparison of Tables 
3 and 4 shows that the spot-welded scab 
sheets: 


1. Reduced the static ultimate strength 
of the sheet materials from 9°% 
minimum to 19° maximum. 

2. Affected the static yield strength 
very slightly. 

3. Reduced the per cent elongation 

measured across the attachment. 


Figures 20 and 21 show the results of 


fatigue tests on the unstressed attachment 
specimens. As indicated in these figures, 
there were two types of failure: 


1. At high loads in fatigue (as in sta- 
tic tests), the sheet cracked across 
the line of welds. Metallographic 
examination showed that cracks 
usually started at the protrusion 


* This has been called a ‘‘sheet-efficiency”’ test 


piece since it is designed to test the efficiency of 
sheet samples with spot welds compared to mono- 
block sheet samples. 


Fig. 24—Sectioned Spot Welds from Single-Row Lap Joints of 24S-T Alclad Sheets 
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Table 3—Representative Static Strength Properties of Sheet Material 


Ultimate Yieldt 
Strength, Strength, %t 
‘Material Psi. Psi. Elongation 
As-received 66,900 50,400 19 
Postaged* 69,100 62,400 4 
* “Postaged,”’ heated 10 hr. at 370° F.; air cooled. 
+ Yield at 0.2% elongation. 
t Elongation in 2-in. gage length. 


Table 4—Static Strength Properties of Test Pieces with Spot-Welded Unstressed 
Attachments 


Per Cent 
Elongation 
in 2 In. 


Ultimate* ¢ 
Tensile Vield* t 
Gage, Spacing, Strength, Strength, (Across 
In. In. Psi. Psi. Attachment) 
0.025 60,800 7 
55,800 
56,600 
54,400 
58,400 
60,600 


Sheet Spot 


* Based on gross area of sheet without attachment. 
+ For 0.2% elongation. 
t All specimens failed across the line of spot welds. 


Table 5—Static Tensile Test Results on Spot-Welded Equally Stressed Sheets of 
0.040-in. 24 S-T Alclad 


Ultimate Yield* 
Strength, Strength, Elongation,t 
Specimen Psi. Psi. % in 2 In. 
As-received 55,550 52,200 4 
Postaged 62,400 59,100 2.5 
= Taken with a 2-in. gage length extensometer across the line of spot welds. 
+ Gage length across line of spot welds. 


of Alclad into the weld and pro- 
gressed outward to the surface of 
the stressed sheet. 

2. At lower loads, failure often oc- 
curred in the fillet. Apparently 
the stress concentration due to 
the spot welds was often less than 
that due to the 3-in. radius fillet. 


In some cases, specimens failing in the 
fillet region showed also incipient fatigue 
cracks in the spot welds. 

Consideration of these results and com- 
parison of the fatigue strengths observed 
for these specimens with fatigue strengths 
for the sheet material suggest that the spot 
welds attaching scab sheets did not seri- 


ously weaken the sheet in these fatigue 
tests. 


Results of Fatigue Tests on Sheets with 
Stressed Attachments (Sheet-Efficiency 
Specimens) 


Fatigue tests were also made on sheets 
of 0.040-in. 24S-T Alclad joined by a single 
row of spot welds */, in. apart (note Fig 
16). Tests were made on two sets of spe. 
cimens: (1) sheets spot welded as-re. 
ceived and given no other postaging treat- 
ment, and (2) sheets spot welded as-re- 
ceived and specimens then heated for 
10 hr. at 370° F. and air cooled. Static 
tensile test results are given in Table 5 
It may be noted, comparing Tables 3, 4 
and 5, that: 


1. For unaged specimens, unstressed 
attachments lowered the sheet 
strength about 12%, while 
stressed, spot-welded sheets were 
about 17% weaker than mono- 
block specimens. * 

2. Stressed, spot-welded sheets pos- 
taged after welding were about 
10% weaker than monoblock 
postaged sheet specimens. * 


Typical spot welds are shown in Fig. 19 

Figure 22 shows results of fatigue tests 
on the spot-welded equally stressed sheets 
It may be noted that the postaging heat 
treatment did not generally improve th 
long-life fatigue strength. 


Concluding Remarks on the Results of Fa. 
tigue Tests of Sheets with Spot-Welded 
Attachments 


Figure 23 shows fatigue curves for ( 
monoblock sheet specimens, 
specimens with spot-welded unstressed 
attachments and (3) sheets with spot 
welded stressed attachments. Indications 
from this figure are that the spot-welded 
attachments weakened the sheet in fatig: 
about the same amount as they weakened 
the sheet in static tests. Such conclusio 
should not be extrapolated beyond t! 
limitations of these tests. 


* Difficulties in loading the two sheet 
caused a possible error of about 6 to * 
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Fig. 25—Tension Fatigue Test Results for Lap Joints of 0.025-In. 
24S-T Alclad, with a Single — of Spot Welds Spaced */,-In. 
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Fig. 26—Tension Fatigue Test Results for Lap Joints ag 
24S-T Alclad, with a Single Row of Spots Spaced * +". 
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Fig. 31—Tension Fatigue T 
gy! est Results for Spot-Welded Lap 
Joints in Sheets of Unequal Thickness of 24S-T Alclad— 
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Fig. 29—Variation of Strength of Single-Row Spot-Welded Lap 
Joints of 24S-T Alclad with Sheet Gage 
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Fig. 30—Tension Fatigue Test Results for Spot-Welded Lap 
Joints in Sheets of of 24S-T Alclad— 
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PART II. TENSION FATIGUE TESTS ON 
SPOT-WELDED LAP JOINTS 


In the present investigations, several 
sets of simple lap-joint specimens were 
tested under repeated tension. Variables 
that were studied included the following: 

1. Sheet gage (for single-row joints of 

24S-T Alclad). 

2. Spot-weld pattern (especially for 
0.040-in.-thick 24S-T Alclad). 

3. Sheet material (24S-T Alclad with- 
out and with a postaging heat 
treatment and 75S-T Alclad). 

4. Variations in fatigue strengths of 
joints welded under different 
conditions. 

For convenience, tests will be described 
under four headings corresponding to these 
four variables. 


* Difficulties in loading the two sheets equally 
caused a possible error of about 6 to 8%. 


Several lots of sheet material were used 
in making specimens for different tests. 
Each lot was tested for mechanical 
strength properties, and several lots were 
tested in fatigue. Results showed all ma- 
terials to be up to specifications and of 
uniform quality. For the sake of brevity, 
details of tests of sheet materials will be 
generally omitted from the present sum- 
mary. Results given in Table 3 and Figs. 
17 and 18 of Part II are representative. 

Spot welding of specimens of different 
groups was done at different laboratories, 
using various types of machines and dif- 
ferent techniques of sheet preparation. 
This must be kept in mind in interpreting 
the results described in the following sec- 
tions. 


Fatigue Tests of Single-Row Lap Joints of 
Various Gages of 24S-T Alclad Sheet 


Test pieces were made of strips 9 in. 


Etch. Magnification 10 x. 


Fatigue Cracks Through Sheet 
Fig. 32—Types of Failure in Spot-Welded Lap Joints 


Fig. 32(a)—Sectioned Spot Welds Showing Inception and Propa- 
gation of Fatigue Crack. Lap Joint ef 0.040-In. 24S-T Al- 
clad. Withstood 5,942,100 Cycles at a Load Ratio of 0.25 


(Top) Keller's Etch. Magnification 75. (Center) Keller's 
(Bottom) Magnification 25 x 
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long by 5 in. wide, cut parallel to the dj- 
rection of rolling, and joined with a 1-in. 
overlap. A single row of spot welds was 
in the center of the overlap section; indj- 
vidual spot welds were spaced 4/, in. 
apart. Table 6 lists the several groups of 
specimens tested in fatigue, and gives de- 
scriptions of the spot welds. Figure 24 
shows sectioned welds in various joints 
Figs. 25, 26 and 27 show results of fa- 
tigue tests of single-row lap joints in equal 
thickness sheets of various gages of 24S-T 
Alclad. Figure 28 shows results of fatigue 
tests at R = + 0.25 on lap joints 0.064-in. 
sheet. Figure 29 shows fatigue strength 
values taken from the smooth curves of 
the preceding figures and plotted as fune- 
tions of sheet thickness. It may be noted 
that both static strength and fatigue 
strengths increased with increasing sheet 
thickness, although the increase in long- 
life fatigue strength (especially at low load 
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ratio) is not in proportion to the increase 
in static strength. 

‘Figures 30 and 31 show results of fa- 
tigue tests on joints of unequal thickness 
sheets. In general, the strength of a spot 
weld joining two different thickness sheets 
appears higher than that of a weld joining 
sheets of the thinner gage, but lower than 1. 


gage. 


that of a weld joining sheets of the thicker 


Figure 32 shows the external appear- 
ances of failures observed during these 2 
tests. Three types of failure were noted: 


Shear of spot welds through the 


plane of the faying surfaces. This 
was the type most common jin 
static tests, but was rarely ob- 
served in fatigue tests. 
Failure by ‘pulling buttons’— 
occasionally found in static tests 
and in short-life fatigue tests at 
high loads. 


LLED WITH 0.0310" HOLES 


Fig. 33—Tension Fatigue Test Re- 
sults for Lap Joints with Holes 
Drilled Through the Center of the 
Spot Welds 
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Fig. 34—Tension Fatigue Test Results for Spot-Welded and for 
Roll-Welded Lap Joints of 0.040-In. Alclad 24S-T. Spacing 
Between Spots */; In. 
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Fig. 37—Tension Fatigue Test Results for Lap Joints of 0.040-In. 
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Fig. 36——Tension Fatigue Test Results for Spot-Welded and for 
Roll-Welded Lap Joints of 0.040-In. Alclad 24S-T. Spacing 
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3. Failure by propagation of a crack 
through the sheet—the most 
common type of fatigue failure 
observed in these tests. 


Figure 32 (a) shows a sectioned spot weld 
illustrating the inception of a fatigue 
crack and propagation of the crack to the 
sheet surface. 

The results of rather extensive exami- 
nation of fatigue failures in these spot- 
welded lap joints can be summarized by 
saying that failure appeared to be asso- 
ciated with the edge of the spot weld as a 
severe geometrical notch, as much as with 
metallurgical variations in the weld struc- 
ture. A brief experiment, of testing spot- 
welded joints with holes drilled through 
each spot, strikingly illustrated the im- 
portance of the edge of the spot weld in 
fatigue. As shown in Fig. 33, the spot 
welds with centers drilled out appeared as 
strong in fatigue as undrilled welds. A 
high stress concentration may be expected 
at edges of spot welds, and’ ® should be 
important in determining fatigue strength. 


Fatigue Tests of Lap Joints of 0.040-In 
24S-T Alclad with Various Spot-Weld 
Patterns 


For several sheet gages, single-row joints 
with two spot-weld spacings (#/, and 1'/, 
in.) were tested. The most complete tests 
of different spacings were made on 0.040- 
in.-thick sheet. Table 7 shows specifica- 
tions and static strengths of the various 
groups of joints of this gage of sheet. For 
comparison, several sets of roller welded 
specimens were included. 

Figures 34, 35 and 36 show the results 
of fatigue tests. It may be observed that, 
in general, the conventional spot welds ap- 
peared stronger in fatigue than the roller 
welds. As will be noted later, however, 
joints spot welded by different operators 
on different machines show considerable 
variation in fatigue strength. Therefore, 
it does not seem possible to conclude that 
roll welds are necessarily weaker in fatigue 
than spot welds. Examination of these 
figures indicates that, in general, the load 
to failure decreased with decreasing dis- 
tance between spots. These data do not 
allow a clear-cut decision as to an opti- 
mum spot spacing. There is some evi- 
dence that the spacing (*/, in.) which gave 
the highest static strength per inch of 
joint did not always give the highest fa- 
tigue strength. 


Table.6—Spot-Weld Dimensions and Static-Strength Properties for Lap Joints 
in Sheets of 24S-T Alclad* 


Spot-Weld Dimensions 


Sheet Av. Sheet Static 
Gage, Welding Diam., Penetration Strength, 
In. Machine In.t %t Lb. /Spot$ 
Group A 
0.025-0.025 Condenser dis- 0.148 40 313 
0.032-0.032 charge machine 0.129 50 325 
0.040—-0.040 0.200 50 594 
Group B 
0. 064-0. 064 Federal Model P3- 1161 
12-RA 
Group C 
0.032-0.040 0.190 80-50 529 
0.040-0.040 Sciaky PMCO-2-S 0.230 65 615 
0.040-0.051 0.190 75-50 675 
Group D 
0.025-0.032 Taylor-Winfield 0.120 50-35 310 
0.032-0.032 rocker-arm type 0.125 50 378 
0.032-0.040 stored-energy 0.140 65-50 438 
0.040-0.040 machine 0.175 58 520 
0.032-0.051 0.190 45-65 484 


* All joints 5 in. wide, spot welds spaced 4/, in. apart. 


+ See Figs. 27 and 28. 
t Per cent‘of thickness of single sheet. 
tration in thinner sheet is given first. 


§ Static tests on fatigue specimens containing six spot welds each. 


In cases of sheets of different thickness, pene- 


Values reported 


by the welders for single spot coupons differed slightly from those listed above, but show 


exactly the same order for the different sheet gages. 


Table 8 lists several groups of specimens 
in which the number of rows of spot welds 
was varied. Figure 37 shows the results 
of fatigue tests at a load ratio of R = 0.25 
(note also Fig. 28). It may be observed 
that: 


1. Increasing the number of rows of 2. 


It 


spot welds increased both static 
strength and fatigue strength. In 
several cases, the per cent in 
crease in fatigue strength was not 
so large as the per cent increase in 
static strength. 

did not appear to make much dil 


Table 8—Specifications of Multirow Lap Joints of 0.040-In. 24S-T Alclad 


Spacing Spacing * 
Between Between 
Group No. Overlap, Spots, Rows, 
No. Rows In. In. In. 
7 1 1 3/4 
8 2 3/, 
10 2 1!/, 
11 3 2 3/4 1/,§ 
12 3 2 
13 4 2 1/, t 


Notes: All joints 5 in. wide. 


Static Tensile 


Total Strength 
No. 
Spots Lb./In. Lb./Spot 
6 761 634 
12 1385 577 
18 1800 
12 1320 55 
18 1855 105 
29 2053 354 
36 1940 226 


* L denotes rows with spots in line; S denotes rows with spots staggered. 
+ Welded on a different machine than used for specimens of Group 2. 


t Boeing-type joint: 


jacent inner row. Roller welds. 


7/, in. between two inner rows,’/;., in. between outer row 4! 


Table 7—Specifications of Single-Row Lap Joints of 0.040-In. 24S-T Alclad with Varied Spot Spacing 


Spacing 
Group Between Spots, 
No. In. 
Spot Welds 
8/5 
2 
3 11/ 
Roller Welds 
4 
5 3 ‘4 
6 1'/, 


* Slight variations in weld spacing. 


(11-13)* 


Av. Spot-Weld Dimension 


“Nores: All joints 5 in. wide. All joints 1l-in. overlap. 


+ Roller welds were longer in the direction of the line of welds than transverse to this direction. 


No. Diam. Penetration, 
Spots In. % 
11 0.160 55 
6 0.215 50 
4 0.220 50 
0.199-0.220T 50 
6 0. 180-0.230t 65 
4 0. 130-0. 230t 40 


Static Tensile Strengt® 
Lb./In. Lb. /Sp 


682 
713 oY 
486 ‘ 


1232 458 
658 
456 
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ference whether spots in different static test results reported else- Fatigue Tests of Single-Row Lap Joints of 
rows were staggered or in align- where.?9,10 Different Strength Sheet Materials 
ment. 
There is some evidence that joints Figure 38 shows typical fatigue cracks I taal 

with spots '/2 in. apart had higher in multirow joints. Sections through in- P As has already been indicated, @ postag- 
total strengths than joints with dividual spot welds showed that fatigue ing heat treatment of 24S-T sheet (10 hr. 
spots */, in. apart. These results cracks started at the edge of a spot weld, at 370° F. and air cooling) increased the 
appear in reasonable accord with as illustrated in Fig. 32 (a). static strength of the sheet material, but 


Ry: 


| 


+ 


2Rows; SpacinginRow,1!/:In.; Spac- 3Rows; SpacinginRow,!/.In.; Spac- 4Rows; BoeingJoint; Spacingin Row, 
ing Between Rows, !/: In. ing Between Rows, '/2 In. 1/,In.; Spacing Between Inner Rows, 
7/, In.; Spacing Between Outer Row 


and Nearest Inner Row, 7/j¢ In. 


Fig. 38—Fatigue Failures in Multirow Spot-Welded Lap Joints of 0.040-In. Alclad 24S-T 
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did not increase the long-life fatigue 
strength. The effect of postaging upon 
single-row spot-welded lap joints of 0.040- 
in. sheet was examined in a group of tests. 
Table 9 indicates the several sets of speci- 
mens tested and shows static strengths of 
the various joints. In general, variations 
in static breaking loads for any group were 
as great as variations from one group to 
another; no observed variations of static 
strength due to postaging are believed to 
be significant. 

Figures 39 and 40 show the results of 
fatigue tests on these groups of specimens. 
Neither postaging the sheets before spot 
welding nor postaging the spot-welded 
joints significantly increased the fatigue 
strength. 

Comparative fatigue tests were also 
made on spot-welded joints of 24S-T 
Alclad and joints of XB75S-T Alclad. 
Joints were spot welded in the same labora- 
tory from 0.040-in. sheet material of the 
following characteristics: 


Static Static 
Ultimate, Yield, 

Sheet Psi. Psi. 
24S-T Alclad 66,400 41,450 
75S-T Alclad 77,700 66,700 


Fatigue tests on monoblock sheet speci- 
mens showed little significant difference 
between the fatigue strengths (at R = 
0.25 and at R = 0.60) of the two materials. 
Figure 41 shows the results of fatigue tests 
on the spot-welded joints. From these 
results, joints in the XB75S-T Alclad 
appear slightly weaker in fatigue (espe- 
cially at the lower load ratio and at longer 
lifetimes) than joints in the Alclad 24S-T. 
It must be remembered that several fac- 
tors are concerned: relative fatigue 
strengths and relative fatigue notch sensi- 
tivities of the sheet materials, effects of 
the surface claddings and welding charac- 
teristics of the two clad materials. 
Examination of spot welds of specimens 
of the groups mentioned above (24S-T 
Alclad as-received, 24S-T Alclad postaged 
and 75S-T Alclad) showed all spot welds 
to be of good appearance and to have no 
significant defects. In all cases, fatigue 
failures were like those which have been 
previously described. 


Fatigue Strengths of Joints Spot Welded 
Under Different Conditions 


As already noted, the primary purpose 
of these investigations was to survey the 
behavior of structural elements spot 
welded under ‘“‘good’”’ production condi- 
tions. Few tests were designed to investi- 
gate the effects of specific welding vari- 
ables. However, several panels of 0.040- 
in. Alclad 24S-T were spot welded with 
varying voltage to produce spot welds of 
varying nugget size and varying static 
shear strength. Table 10 shows the weld- 
ing conditions and resultant weld dimen- 
sions and static strengths. Figure 42 
shows the results of fatigue tests at R = 
+0.25 on specimens sheared from these 
panels. Each specimen was 3 in. wide and 
contained three spot welds 1 in. apart in a 
single row transverse to the direction of 


230-s 


Table 9—Static Strengths of Spot-Welded Lap Joints of 24S-T Alclad Without 
and with Postaging Heat Treatment 


Group Sheet 
No. Lot* 
As-received 


As-received 


ort Co bo 


Conditiont 
Postaged after welding 


Postaged before welding 
Postaged after welding 


Static Strength 


Lb./In. Lb./Spot 


745 612 
758 623 
600 500 
592 493% 
658 548 


Notes: All joints of 0.040-in. sheet, with 1l-in. overlap and single row of spot welds 


spaced in. apart, 


* Not enough sheet material of Lot No. 1 available for tests of effect of postaging before 
welding; accordingly, Group 4 was from another lot and Groups 3 and 5 were for inter- 
comparison. There was no known difference between the two lots of sheet as-received 


+ Postaging: 


10 hrs. at 370° F.; air cooling. 


t Strength of single specimen; possibly slightly low due to one poor spot weld. 
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Fig. 41—Tension Fatigue Test Results for Spot-Welded Lap Joints of XB75S-T Alclad 
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loading. The results shown in Fig. 42 
indicate both fatigue strength and static 
strength increasing with increasing nugget 
size: the fatigue strength, however, in- 
creased less than the static strength for the 
~ range of weld nugget sizes tested. 

Some interesting failures were observed 
in spots of different nugget sizes. Smaller 
spot welds sheared at high loads, but 
cracked from the Alclad protrusion at 
lighter loads and longer lifetimes (Fig. 43 

Larger spot welds “‘pulled buttons’”’ 


velds at high loads and sometimes allowed failure 
in the sheet at some distance from the 
‘fore weld nugget for lighter loads (Fig. 43 (d)). 


iter- 


Throughout the course of these investi- 


gations, several sets of similar lap joints 

0.040-in. 24S-T Alclad, with a single row 

of spot welds spaced 4/, in. apart) were 

= prepared at different laboratories with 
slightly different techniques of surface 

preparation and welding procedure. In 

—~ each case, the joints were supposed to be 
representative of good production prac- 
tice, and were found to be generally free 
from serious welding defects. Table 11 
gives information concerning the sheet 
materials used, and weld dimensions and 
static strengths resulting. Figure 44 
shows the results of fatigue tests at R = 
+(0.25. All the points in Fig. 44 fall with- 
a reasonably well-determined scatter 
band. Values for any one set of specimens 
show much less deviation from a smooth 
urve than values for specimens from sev- 
eral sets. Scatter in static strengths is 


= ibout 35°, while scatter in fatigue 
we B strength values varies from about 21% at 

Le hort lifetimes to about 45% at long life- 
—— times. Scatter is not reduced by plotting 
cil ratios of fatigue strength to static strength: 
al high static strengths do not correspond to 


high fatigue strengths. Careful examina- 

he tion of the spot welds and of the informa- 
— tion available concerning welding condi- 
tions did not afford further useful con- 

lusions. The results were taken as indica- 
tive of the variations in fatigue strength 
that might occur in commercial practice.* 


Concluding Remarks on the Results of 
Fatigue Tests on Spot-Welded Lap Joints 


The results of a considerable number of 
‘atigue tests of spot-welded lap joints of 
Juminum alloy sheet materials have been 
ummarized in the preceding pages. These 
results suggest that: 

|. In many cases, increasing the static 
shear strength of spot-welded joints also 
imereases the fatigue strength. This ap- 
ired for increasing sheet gage, for in- 
Teasing the number of rows of spot welds 
ind lor increasing spot-weld nugget diam- 
eter by increasing welding voltage—for 
Of 24S-T Alclad sheet. In general, 
the fatigue strength did not increase pro- 
ally to the static shear strength. 
In other Cases, static strengths of 
| ints Were not in the same order as fatigue 

‘trengths. There was some evidence that 


De 


portion 


= 
—, su variation must be considered in 
"0 ‘usions from all results given in this 
tiveconcluci.., Becessarily invalidate tenta- 
lor examinat groups of specimens 
ding Dot-Weld pattern ach item (spot-weld spacing, 
same 0 sttern, ete.) were all welded by the 
Perator on the same machine. 
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Table 10—Lap-Joint Panels Spot Welded with Varying Voltage 
Specifications 


Panels of 0.040-in. 24S-T Alclad, cut in direction of rolling. 
Spot welds spaced 1 in. apart in single row in center of 1-in. overlap. 


3. Test pieces sheared so as to contain 3 spot welds. 


Welding Conditions 


Machine: Taylor-Winfield Hi-wave condenser discharge, 440 line volts. 


Resultant Spot-Weld Properties 
Av. Spot-Weld Dimensions 


2. Electrode pressure: 1100 Ib. 
3. Capacitance: 960 mfd. 
4. Voltage: variable—see below. 
5. Throat: 31 in. 
6. Arm: 9'/, in. 
7. Radius each electrode: 4 in. 
Nugget 
Panel Welding Diam., 
No. Voltage In. 
1 1350 0.131 
3 1600 0.170 
5 1800 0.198 
7 2025 0.228 
9 2250 0.252 


Av. Static 


Penetration, Shear Strength, 
In. Lb./Spot 
0.020 230 + 30 
0.037 419 += 20 
0.051 570 + 10 
0.062 735 + 10 
0.070 1075 + 10 


Keller's Etch. Magnification 10 x. 
Fig. 43—Fatigue Failures in Spot Welds of Varying Nugget Size 
(a) Panel No. 2, Specimen No. 3; 250 lb./spot; 2900 cycles. (b) Panel No. 3, Speci- 


men No. 2; 131 lb./spot; 1,206,200 cycles. 


(c) Panel No. 7, Specimen No. 4; 280 lb./ 


spot; 82,700 cycles. (d) Panel No. 7, Specimen No. 3; 150 lb./spot; 2,351,800 cycles. 
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All Specimens Lap Joints of 0.040-In. Alclad 24S-T Cut in Direction of Rolling, Containing 6 Spot Welds Spaced */,-In. Apart in a Single 


Row in the Center of a 1-In. Overlap 


Tensile Properties of Sheet Material Used 


Ultimate 
Strength, 
Psi. 
64,300 
66,000 
65,350 
64,750 
68,500 
67,000 


Strength, 


48,800 
47,300 


Yield % 
Elongation Diam., 
Psi. in 2 In. In. 


0.185 
0.200 
0.175 
0.230 
0.175 
0.215 


Average Spot Weld 
Dimension 
OF 


Static Strength 
0 of Spot Welds, 
Penetration Lb./Spot 
77 

47 

41 

65 

58 

38 


R=MIN. LOAD / MAX, LOAD= .25 


aepxoo 


MAX. LOAD IN LBS. / SPOT 


Fig. 44—Tension Fatigue Test 
Results for Lap Joints of 0.040- 
In. Alclad 24S-T Spot Welded 


at Different Laboratories 


the optimum spacing of spot welds in a 
row for highest fatigue strength might 
differ from that for highest static strength. 
Joints spot welded in different laboratories 
varied in long-life fatigue strength in. dif- 
ferent order than in static shear strength. 

3. In all cases, long-life fatigue failure 
was by cracking of the sheet material. 
Fatigue cracks started near the edge of a 
spot weld, and appeared to be generally 
affected by the severe notch at the faying 
surfaces of the sheet. 

4. Several lap-joint specimens of 24S-T 
Alclad postaged, and of XB75S-T Alclad, 
showed no higher strengths than joints of 
as-received 24S-T Alclad. 

The results summarized in this paper 
afford strength values that may be used in 
engineering design provided allowance is 


10° 10 
CYCLES TO FAILURE 


made for the scatter apparent among 
joints spot welded under different condi- 
tions. More investigations are needed for 
an understanding of the relation of spot- 
weld structure and dimensions to fatigue 
strength of spot-welded joints. 
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Summary of Results of Tests Made by 
Aluminum Research Laboratories of 


Spot-Welded Joints and Structural 
- Elements 


Technical Note No. 869, National Advisory Committee 
for Aeronautics” 


By E. C. Hartmann! and G. W. Stickley’ 


Summary 


VAILABLE information concerning spot welding 
as a means of joining aluminum-alloy parts has 
been summarized and comparisons have been 

made of the relative merits of spot-welded and riveted 
aluminum-alloy structural elements. The results in- 
dicated that spot welding was as satisfactory as riveting 
in so far as resistance to static loads is concerned. Spot 
welds showed slightly lower resistance to impact loads but 
definitely lower resistance to repeated loads than rivets. 


Grover Introduction 


fs + Spot welding as a means of joining aluminum-alloy 
4 parts has been under investigation for a number of years 
sminut by the Aluminum Research Laboratories, working in co- 
mmittet operation with the Jobbing Division of the Aluminum 

Cat \ompany of America. Considerable data have been 

| collected concerning the strengths of spot welds, and it 
© is the purpose of this report to summarize the principal 
1% inlormation available. 


Tests 


6518 lo Determine Minimum Static Shear Strengths of Rep- 
‘esentatwwe Spot Welds in Various Aluminum Alloys 


Pri of minimum static shear strengths were made to 
data on the spot-weld characteris- 
Ol a number of aluminum alloys. These data are 
edhe serve as a basis for establishing allowable 
sain 2 spot welds for design purposes. The test 
practice TI Prepared in conformity with usual shop 
wiles. ‘me welds were made on No. JS-N1 a.-c. spot 
_. “Siig a General Electric Ignitron timer. The 
* Washingtor NY 


November 1942. 
‘mum Company of America. 


APRIL 


welding tips were */, in. in diameter with either 7° or 11 
cone tips. All the sheet was washed in naphtha to re- 
move grease and dirt, and all except the 2S sheet was given 
a 30-sec. etch with a solution of gum tragacanth and hy- 
drofluoric acid. 

For sheet thicknesses less than 0.04 in., the test pieces 
were 1 in. wide and, for pieces thicker than 0.04 in., the 
specimens were 1'/, in. wide. All specimens were simple 
lap joints containing two spot welds in tandem 1 in. 
apart for the thin specimens and 1'/2 in. apart for the 
thick specimens. The edge distances were '/2 and */, in. 
and the total laps were 2 and 3 in. for the thin and thick 
specimens, respectively. All specimens were tested in 
New Kensington Plant Laboratory and, in the case of 
the heat-treated alloys, at least four days elapsed be- 
tween the time of making the welds and the time of test- 
ing. A large number of specimens was made with the 
use of various machine settings within the normal range 
and, from these test data, minimum shear strengths in 
pounds per spot were selected. The resulting values 
have been plotted in Fig. 1. 


The Static Shear Strength of Wide Spot-Welded Joints in 
0.051-in. Thick 52S-'/2H Sheet 


In the study of spot-welded joints, the strengths of 
the spots and also the strength of joints in which various 
groups of spots are used must be known. Tests of the 
static shear strength were made for various lap joints in a 
52S-'/2H sheet 0.051 in. thick; each joint was approxi- 
mately 11'/, in. wide. These joints were made with 
one, two or three lines of spot welds in the lap with the 
use of various spacings of spot welds, distances between 
rows and edge distances. All the welded surfaces were 
given an etch of 30 sec. in a solution of gum tragacanth 
and hydrofluoric acid. All the welding was done on a.-c. 
machines. Single-, double-, and triple-riveted specimens 
made with the use of */;.s1n. 53S-W rivets were tested for 
comparison. These specimens were the same size as the 
spot-welded specimens. All specimens were tested with 
a special gripping device (Fig. 2) which preliminary tests 
had shown to provide a reasonably uniform distribution 
of load. The results of these tests are plotted in Figs. 3 
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Fig. 1—Minimum Shear Strength of Spot Welds 
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Fig. 3—Effect of Spacing on Strength of Spot-Welded Joints in 0.051-In. Thick 52S-!/2 H Sheet 
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Fig. 2—Test of Wide Riveted Joint in 52S-'/, H Sheet 0.051 In. 
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Fig. 6 Fatigue Tests of Spot-Welded Joints in a Sheet 0.032 In. 
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2, Spot spacing, E = 0.375 in. 


1400 


x Spot spacing, E = 0.625 
1200 


1000 


© Failed in sheet 
x Failed in spots 


600 


Ultimate load per inch of width, lb 


-250 -500 


Edge distance, D, in. 
Fig. 4—Effect of Edge Distance on Strength of Spot-Welded 
Joints in 0.051-In. Thick 52S-!/.H Sheet 


and 4. The conclusions from this investigation were as 
follows: 


1. The strength per spot of the wide joints which 
failed in the spots varied with the spot spacing and num- 
ber of rows. The highest value obtained was 810 Ib. per 
spot and the average was about 720 Ib. per spot. These 
values check fairly well with the results of tests of narrow 
strips cut from some of the wide joints, in which the 
highest value was found to be 900 Ib. per spot and the 
average about 760 Ib. per spot. 

2. The strength per spot for wide specimens with a 
single row of spots was found to decrease very rapidly 
when the edge distance was less than */s in. The lowest 
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== 
Specimens for Shear Fatigue Tests 
Gage 
No. A B Cc D E F G H ] 
14 0.064 1 1/, 43/16 29 / gy 
20 0.032 */s 15/, 1/5 9/16 1/, 0.191 


Fig. 5—Specimens for Shear-Fatigue Tests 
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Fig. 8 (d-f)—-Fatigue Curves for Spot-Welded Joints in Shear 
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Fatigue Curves for Spot-Welded Joints in Shear 
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value obtained was for an edge distance of '/,; in. (total 
lap = '/,in.) in which case the load per spot was found 
to be as low as 293 Ib. The lowest test result for edge 
distances */, in. or greater was 622 lb. per spot. 

3. When the spots in the wide specimens were closer 
together than '/2 in. for one row of spots, */, in. for two 
rows of spots and 1'/, in. for three rows of spots, failure 
of the specimens occurred by tearing the sheet rather 
than by spot failure. The maximum value of stress on 
the gross area corresponding to the ultimate load was 
33,800 psi., a value which is about 6% less than the cor- 
responding tensile strength of the sheet as determined on 
tensile specimens !/, in. wide. The minimum value of 
stress on the gross area corresponding to the ultimate 
load was 27,000 psi. and the average was about 31,000 psi. 
_4. The highest strengths in the wide spot-welded 
jomts were obtained with the following spot spacings: 


Maximum Ultimate Load 


Number Spacing, per Inch of Width 
of Rows In. 4 

0* 1557 

3 1 1686 


Continuous seam of overlapping spots. 


: The strongest wide spot-welded joints tested rep- 
Sent an efficiency of 94.3% based on the tensile strength 
ot the unspliced sheet. 
latiad with two rows of spot welds represent a 
re i in strength over joints with one row of 
“a ‘ Ss. Additional rows of spot welds, however, do 
urther increase the strength to any marked degree. 


1947 


A.-C.\Welds;. 53S-T Sheet; 20 


-Welded Joints in Shear. 
Gage 


-Fatigue Curve for Spot 


Fig. 7 (j) 


Wid 


7. Although there is fair agreement between the re- 
sults obtained for the wide specimens and for the narrow 
strips, particularly for specimens containing two or three 
rows of spots, it is evident that values obtained from 
tests of individual spots should be applied with caution 
in design calculations for spot-welded joints. 


Fig. 9—Typical Fatigue Failures of Spot-Welded Joints in Alclad 
24S-T Sheet 0.032 In. Thick 
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Flat electrode or countersunk head on this surface 


© + 
Soe Dit No. 0-18627 
| 
n+ 
Flat electrode or countersunk head on this surface 
| CONNECTIONS ~~ Hole diameter for riveted beams, inches 
| = Steel rivets 
| 4 8 {7$-T 178-T spot- welded Spot-weided 
4 5 8 61S-T ‘61S-T 4 in, ~~ -— ¥4 in. 
7 8 61S-T 615-T spot -welded spot- welded NOTE: 
le 3 Channel spacers (Section A-A) 
Should be cut accurately 
{ © Square and 4 inches long _ 
FIGURE : 
DETAIL DRAWING OF is 
BEAM SPECIMENS. 
| 
© 
a. 
© 
or 
> 
Fig. 13—Static Test of 61S-T Riveted Girder 
1947 
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a. 


Fig. 14—Impact Test of 61S-T Riveted Girder 


8. The wide-riveted joints tested for comparison with 
the spot-welded joints were not so strong as the spot- 
welded joints although the individual rivets used were of 
approximately the same strength as the individual spot 
welds. 

9. The strongest wide-riveted joint has an efficiency 
of 86.6% in comparison with 94.3% for the strongest 
spot-welded joint. 


Shear Fatigue Tests of Spot Welds in Various Aluminum 
Alloys 


In order to determine the strength of spot welds sub- 
jected to repeated shear loads, tests were made of welds 
in two thicknesses, 0.032 and 0.064 in., of the following 
alloys of sheet: 3S-O, 3S-'/2H, 17S-T, Alclad 17S-T, 
24S-T, Alclad 24S-T, Alclad 24S-RT, 52S-O, 52S-'/2H 
and 53S-T. Metallographic examination of at least 
two welds from each group showed that, in general, the 
welds in 0.032-in. thick sheet were sound but those in 


Fig. 15—Beam Fatigue Tests of Spot-Welded 61S-T Girders 


0.064- in. thick sheet contained some porosity. The in- 
dividual specimens used, which are shown in Fig. 5, con- 
sisted of simple lap joints each with a single spot weld. 
These specimens were cut from panels welded with the 
use of alternating-current machines and the surfaces of the 
sheet were cleaned before welding. The 17S-T and 
24S-T sheets were cleaned by etching in hydrofluoric 
acid; the other alloys were usually washed with benzine. 
Four specimens were tested simultaneously in rotating- 
beam fatigue machines, * as illustrated in Fig. 6, except in 
those cases in which less than 15 cycles of stress were re- 
quired to cause failure. During each revolution of the 
rotating-beam machine, each weld was subjected to 4 
load that varied from a maximum in shear in one direc- 
tion to a maximum in the opposite direction and back 
again. In the tests requiring less than 15 cycles, four 
specimens were tested simultaneously, using the same 


* R. R. Moore type machine used with special adapters designed by 
L. Templin. 


Table 1—Static and Shear Fatigue Tests of A.-C. Spot Welds in Sheet Strip 


l4-gage sheet, 1 in. wide 20-gage sheet, '1/2 in. wide 
Static Endurance Static Endurance 
Sheet alloy strength limit Endurance at) limit Endurance 
and temper (1b (1b) ratio (1b (1b) Tatio 
(a) (a) 

38-0 529 bs50 0.09 222 28 0.13 

38-1/2H 542 60 .1l 222 22 .10 

178-T 894 on _ 342 22 .06 

Alclad 178-T 866 428 27 06 

248-T 1213 ons 381 b20 .05 

Alclad 24S-T 977 40 04 362 30 

Alclad 24S-RT 1111 -- -- 449 28 06 

528-0 818 35 .04 255 26 -10 

528-1/2H 1036 238 21 .09 
538-T 712 -- 353 27 


@For 14-gage sheet, 40-million cycle basis; for 20-gage sheet, 200-million-cycle basis. 


VEstimated from incomplete tests. 
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Table 2—Shear Fatigue Strengths of A.-C. Spot Welds in Sheet Strip 


Fatigue strength, lb per spot 


Cycles 
‘Sheet 10 | 100 /1000 |10,000/}100,000 |1, 000,000 }10,000,000 | 100,000,000 | 500 ,000, 000 
alloy and temper 
Sheet, 0.032 in. thick 
38-0 152 |111| 77 52 37 30 28 28 28 
38-1/2H 147 |109| 76 52 38 30 24 22 22 
178-7 250 | 192] 140 92 56 34 23 22 22 
Alclad 178-T 346 | 196] 152] 110 72 39 27 27 27 
249-7 222 | 208| 147 94 54 33 22 20 20 
Alclad 248-T 8270 [8216 9113 a7) 41 31 30 30 
Alclad 348-RT 375 |198| 147/ 108 72 40 29 28 28 
528-0 180 | 142| 110 82 56 37 28 26 26 
528-1/2H 183 | 148/ 115 83 53 28 23 21 21 
538-T 266 |212/ 163] 116 | 75 41 30 28 27 
Sheet, 0.064 in. thick 

38-0 -- --| - -- 94 68 55 50 50 
38-1/3H -- --| -- -- 103 82 ce 60 60 
Alclad 248-T 180 94 53 42 , 40 
528-0 -- oo 154 77 43 36 35 
528-1/2H -- --| -- 168 88 pond 
538-T -- = 147 80 os 


®tetimated values. 


eet 


(All tests made with complete reversal of load) 


Tensile area|/Number | Area of Bearing|Total | Tensile Total | Shear |Bear- Number 
: of cover of one area | load | stress in load | stress/ ing of 
| plate spots rivet of one| on cover plate/| per in j|stress cycles 
(sq in.) or in rivet |spec- | (1b/sq in.) | spot | rivets} (1b/ at 
rivets shear (sq in.)|imen or (1b/ |eqin.)| failure 
| “toss | Net |trane- | (sqin.) (1b) Gross | Net [rivet | sqin. (a) 
area | area |ferring area | area | (1b) 
load 
Spot-welded specimens 
> | eo ----- 36 #6990 |#6150 | ----- 194 20,700 
3 | ar ----- 36 #5000 |#4400 | -----| 139 ---- | ---- 220,900 
#4980 |#4390 | ----- 69 | ---- | ---- 169, 700 
#4950 |#4360 | ----- 103 ---- | ---- 197,500 
— Riveted specimens 
3 | 1.007] 36 0.0519 | 0.0319/#7010/#6170 | #5959/ 195 3750 | 6080 950, 700 
| 1.007] 36 0.0519 | 0.0319}#5564/#4900 | #5520/ 155 2970 | 4830 | 1,908,000 
: 1.007} 36 0.0519 | 0.0319/#4515/#3970 | #4470! 125 2410 | 3920 /|12,854,800 


not fail, 
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Specimeng exce 
‘hTough the spo 


pt 1 and 7 failed by traneverse fatigue fracture 
t welds or rivet holes. 


of the cover plates 


Specimen 1 sheared 18 spot welds; Specimen 7 did 
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Table 3—Results of Direct Tension-Compression Fatigue Tests of Structural Members Constructed from '/s-In. 52S-'/,H 
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fixtures Shown in Fig. 6; but the tensile and compressive 
loads were applied in an Amsler universal testing ma- 
chine, the same as in ordinary tensile and compressive 
tests. In the present investigation,’ these tests that in- 
volved high loads and small numbers of cycles were made 
only on the welds in 0.032-in. thick sheet. 


The test results and the static strengths are summa- 
rized in Tables 1 and 2. The results of the individual 
fatigue tests are plotted in Figs. 7 and 8. In these figures, 
the value plotted for the fatigue strength at 0.25 cycle is 
the static strength. 

It will be noted that, for the 0.032-in. thick sheet, the 
endurance limits vary from 20 to 30 lb. per spot for the 
: = different alloys. The lowest endurance limits were those 

: Bt of joints in 24S-T and 52S-'/.H and the highest in Alclad 

24S-T. These endurance limits range from 5 to 13% of 
the corresponding static strengths. In general, the high 

values were obtained with alloys in the annealed temper 

and with Alclad materials, and the low ones were ob- 

tained with alloys in cold-worked tempers and with 


(b) Spot Welded; Height of Drop, 14 In. 


Completion Of 


Bi, nonclad heat-treated materials. The tests of joints in 
“< ce” a sheet strip 0.064-in. thick, although quite incomplete, 
3 5 FA indicate endurance limits of 40 to 60 Ib. per spot, with 
a © 4 ratios of endurance limit to static strength about the 
3 0 same as for the 0.032-in. thick sheet. 

i & ke wi : In these tests the primary failures occurred in the 
ls laa sheet at or slightly within the weld and not through the 
a + main body of the weld. This condition is illustrated 
32 in Fig. 9. Inasmuch as the fatigue failures did not 
i. occur primarily by shearing of the welds, the test re- 
sults indicate the strength of spot-welded joints in 
i sheet strip of the widths used and not the fatigue strength 
> of the welds themselves. They are, therefore, useful 
se chiefly as an indication of the lower limits of resistance 
> to fatigue and may be too conservative. It should also 
be remembered that the welds in the 0.044-in. thickness 
of the different alloys contained some porosity, which 
as indicated in a subsequent section of this report, has 
a harmful effect upon fatigue resistance. 
Direct Tension-Compression Fatigue Tests of Structural 
Members Built Up from "/s-In., 52S-'/2H Sheet 
— Direct tension-compression fatigue tests were con- 
, Fig. 18—Fatigue Cracks in Cover Plate of 61S-T Girder ducted to obtain data on the relative merits of spot-welded 
% Table 4—Ultimate Loads and Moduli of Failure from Static Beam Tests 
Zz Specimen Plates and Connections Ultimate load Modulus of failure 
channels (1b) (1b/sq in.) 
a) 
17S-T Button-head steel rivets 13,300 39,500 
3 1-B 17S-T Button-head steel rivets 11,930 35,400 
2A =A 178-T Cone-point Al7S-T rivets 11,560 34,300 
17S-T Cone-point Al7S-T rivets 12,200 36 , 200 
5 178-T Countersunk Al7S-T rivets 10,300 30,600 
178-T Countersunk Al7S-T rivets 10,650 31,600 
4-4 17S-T Spot welds 11,650 34,600 
4-8 

a> 17S-T Spot welds 12,650 37,500 

4 
3 U S=A 61S-T Button-head steel rivets 12,410 36 ,800 

5-B 61S-T Button-head steel rivets 12,000 35,600 
61S-T Cone-point 538-W rivets 12,275 36 , 400 
61S-T Cone-point 53S-W rivets 12,265 36 , 400 
© 

=A 61S-T Spot welds 11,920 35,400 
7=B , 

PS 61S-T Spot welds 11,900 35,400 

‘Obtained b 


ie thi y substituting ultimate load P in the ordinary beam formula. Stress = Mc/I. 
oy case the stress is calculated at the edge of the 2 1/2-in. center bearing block so that 
> complete expression for modulus of failure is 


10* 


Modulus of failure = ri (60 = 2.5) x 2.188 = 2.97P 
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Table 5—Impact Tests of Girders 


Height of Height of Hei ght Perma- 
Plates and drop for drop for of drop | nent set 
Specimen channels Connections firet first rivet at com- at con- 
buckle or spot pletion pletion 
(in.) failure of test of test 
(in.) (in.) (in.) 
1-C 17S-T Button-head steel rivets 10 No failure 16 5.721 
1-D 17S-T Button-head steel rivets 9 No failure 17 6.894 
2-C 17S-T Cone-point Al7S-T rivets 8 12 16 5.465 
2-D 17S-T Cone-point Al7S-T rivets g 17 17 7.008 
3-C 17S-T Countersunk Al7S-T rivets 7 12 19 6.060 
3-D 17S-T Countersunk Al7S-T rivets 7 11 17 5.231 
4-C 178-T Spot welds 8 8 14 5.082 
4-D 178-T Spot welds 9 10 15 5.607 
5-C 61S-T Button-head steel rivets 10 No failure 16 5.445 
5-D 61S8-T Button-head steel rivets 9 No failure 15 5.214 i 
6-C 618-T Cone=point 53S-W rivets 9 11 16 5.234 
6-D 61S-T Cone-point 53S-W rivets 12 15 17 5.802 
7-C * 61S-T Spot welds 9 9 15 7.103 
7-D 61S-T Spot welds 8 8 14 5.350 
Table 6—Beam-Fatigue Tests of Girders 
Cycles to failure 
(a) 
#4000 #3000 #2500 #2000 #1500 #1000 
|17S-T | Button-head 
steel rivets 89 ,800( A) |192,100(F) 1,050, 300( A) |2,058,800( a) - 
|17S-T|Cone-point 
Al7S-T rivets | 211,700(A) |701,000(G) 1,192,000( A) |3,517,600(G) - 
3 |17S-T|Countersunk 
Al7S-T rivets | 141,300(A) |424,300(D) |672,600(A) |°5,111,300 - - 
4 |17S-T|Spot welds 79,200(F)| 89,300(F) - 338 ,600( F) - 2,713,300(F) 


5 |61S8-T|Button-head 
steel. rivets 


6 |61S-T |Cone-noint 


7 leis Spot welds 


S1S-T|Spot welds 


53S-¥ rivets 


aged after 
= welding) 


40 ,600( A)/191,600( A) 


302, 400( a) | 586 ,500(C) 
24,400(E)| 104, 700(F) 


56 ,400(E)/219,000(F) 


1,046 ,800( A) |3,368,100(G) 


1,142,100(C) |1,234,200(C) 


402, 700(B) 


694, 400(H) 


4,409, 700(B) 


S 
vane as A and B. 
ee as A and C. 
vane as B and C. 

The loads @ 
numerid; 


6.8 


Nc failure; 


"A - Cracks at rivet hole 
Cracks at rivet hole 


test discontinued. 


or spot weld) in main channel, usually at stiffener channel. 

4 or spot weld) in cover plate. 

Tacks across cover plate and above spacer channel (under center clamp), but not through 
any rivet hole or spot weld. 

Crack at rivet hole in main channel; also crack in corner of channel and not at any rivet hole. 

— welds between cover plate and channels sheared. 


pplied were such that the bending stresses varied from a maximum in tension to the same 
al value in compression. 
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and riveted aluminum-alloy structural elements sub- 
jected to completely reversed axial loads. Specimens 
were of the type shown in Fig. 10, which also shows the 
fixtures for the attachment of the specimens to the 
movable and fixed heads of the fatigue-testing machine. 
It will be noted that the specimen consisted essentially 
of three pairs of channels back to back spliced at in- 
tervals by means of cover plates spot welded or riveted 
to the flanges. All the spot welds were made on an al- 
ternating-current machine. The specimens were tested 
in a vertical position in a fatigue testing machine of 
50,000-Ib. capacity. (See Fig. 2 of reference 1.) The 
results of these tests are shown in Table 3 and are plotted 
in Fig. 11. It is evident from Fig. 11 that the fatigue 
strength of the riveted specimens is considerably greater 
than that of the spot-welded specimens. 


Comparative Beam Tests of Spot-Welded and Riveted 
Girders of 17S-T and 61S-T Under Static, Impact and 
Fatigue Loads 


Beam tests were conducted in order to make a general 
comparison of spot-welded girders and riveted girders 
under static, impact and repeated loads. The specimens 
were designed primarily to represent a type of ¢onnec- 
tion and thickness of material encountered in railway- 
car construction. Figure 12 shows the dimensions of 
the specimens and a list of the various combinations 
originally planned for this investigation. 

All the spot welding on the specimens in this inves- 
tigation was done on a.-c. machines. The flange welds 
were made using a 7/s-in. diam., 11° tip on the channel 
side of the weld and a flat tip on the cover-plate side. 
In the case of the 17S-T girders, the spot welds were 
formed by a special procedure that involved several ap- 
plications of welding current spaced a short time apart, 
the welding pressure being maintained during the entire 


welding cycle. Spot welds representative of this prac- 
tice on samples of '/s-in. thick 17S-T gave static shear 
strengths of 2996 Ib. per spot. Spot welds representa- 
tive of the more normal procedure used on the '/3-in.thick 
61S-T gave static shear strengths of 1939 Ib. per spot. 
Both of these static strength values are considered very 
satisfactory. Chisel tests on sample welds also indicated 
satisfactory welds. X-ray examination of some of the 
spot welds in one of the 17S-T girders indicated welds 
free from cracks with only a small amount of porosity. 

In all tests a 60-in. span length was used with suit- 
able bearing blocks at the center and at the ends of the 
span. In the static tests a 40,000-lb. capacity Amsler 
testing machine was used and the arrangement for the 
test is shown in Fig. 13. The impact tests were made by 
dropping a 500-lb. tup in a special impact-testing 
machine using the arrangement shown in Fig. 14. The 
fatigue tests were made using complete reversal of load 
in a fatigue testing machine of 50,000 Ib. capacity 
(See Fig. 2 of reference 1.) The arrangement for the 
fatigue tests is shown in Fig. 15. The results of these 
tests are shown in Tables 4, 5 and 6, and the fatigue 
test results are plotted in Fig. 16. These fatigue data 
have been summarized in another formin Table 7. Two 
of the specimens after the completion of the impact 
test are shown in Fig. 17, and one of thé fatigue speci 
mens after the test is shown in Fig. 18. The conclu- 
sions drawn from this investigation are as follows: 

1. All failures in the static-beam tests occurred by 
buckling of the cover plates. Some of the spot welds 
pulled apart after the plates had buckled but no rivet 
failures occurred. 

2. The results of the static tests indicate that there 
is no marked difference between the ultimate loads and 
the deflections for the riveted and the spot-welded 
construction, except that the girder with countersunk 
rivets carried less ultimate load than the others. 


— 
10-1/2*-» 


85" span 
Central loading 


(Stresees computed for section 
10-1/2 in. from end of span) 


10" 10° 
28" 
Two-point loading 


(8treeses computed for section 
at center of span) 


© Spot-welded beams (aC), central loadi 


ng 
Spot-welded beans storage), two-point loading 
o Riveted beams, central loading 


stress, ib/sq in. 


10% 10° 


108 


Cycles 
Fig. 20—Fatigue Curves for Alclad 24S-T Box Beams. All Tests Made with Complete Reversal ©: Stress 
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Table 7—Summary 


t-W: 
Maximum load supported 
Channel Cycles 
Item and 10,000 | 100,000 | 1,000,000 | 10,000,000 

plate Connection 
1 17S-T | Button-head steel rivets -- 3700 2000 -- 
2 17S-T | Cone-point Al17S-T rivets -- 84600 2600 
3 17S-T | Countersunk Al17S-T rivets -- 84400 2300 82000 
4 | 173-7 | Spot welds 3200 1400 
5 61S-T | Button-head steel rivets -- 3400 1900 -- 
6 61S-T | Cone-point 53S-W rivets -- oa 2200 -- 
7 61S-T | Spot welds 84700 3000 1500 8900 
15 | 61S-T | Spot welds (aged after welding) -- 3600 81800 -- 


Estimated 


3. Failure of the girders in the impact tests occurred 
in substantially the same way as those in the static- 
load tests, namely, by buckling of the cover plates. 
Failure of aluminum-alloy rivets usually did not occur 
until at least three drops had been made after the first 
buckle of the cover plates appeared. There were no 
iailures of any steel rivets. Failure of spot welds by 
pulling apart usually occurred simultaneously with the 
first evidence of buckling of the cover plates in the im- 
pact tests. 

4. The results indicate that there is no marked dif- 
ference between the riveted and spot-welded construc- 
tions in regard to the total resistance to impact and the 
ability to withstand permanent set without fracture 
of the channel or cover plates. 

5. In the fatigue tests failure in most of the speci- 
mens occurred by transverse fracture, sometimes in the 
channels and sometimes in the cover plates. In the 
riveted girders these fractures frequently passed through 
rivet holes and in the spot-welded girders they usually 
occurred at the edges of the spots. There were no 
nivet failures and failures occurred in only two tests 
by shearing spot welds. 

6. In 17S-T the spot-welded girders had definitely 
lower fatigue strengths than any with rivets. The same 
was true for 61S-T girders welded in the T condition. 
_', The fatigue strength of spot-welded 61S-T girders 
'S appreciably higher when the artificial aging is done 
after instead of before welding and is higher than for 
‘ny ol the other spot-welded girders tested. 

5. The fatigue strength of spot-welded 61S-T girders 
artificially aged after welding is about equal to that of 
aither 17S-T or 61S-T girders made with hot-driven 
Pe rivets but is definitely less than that of 17S-T and 
°1S-T girders made with cold-driven cone-point alu- 

minum-alloy rivets 


Comparative Tests of Spot-Welded and Riveted Box Beams 


of Alclad 24S-T Sheet 
8 and fatigue strengths of spot-welded and riveted 
“a — fabricated from 14-gage Alclad 24S-T sheet 
‘ing compared. Two designs of specimens, one 
1947 


Fig. 21—Sections Through Spot Welds Before and After 
Fatigue Tests. 


(a) Alternating-current weld before test; 
weld after test; 


storage weld after test. 


TESTS OF ALUMINUM SPOT WELDS 


(c) energy-storage weld before test; 


10 


(b) alternating-current 
(d) eneray- 
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of which is shown in Fig. 19, are being used, the dif- beams with either central or two-point loading as shown 
ferences being negligible as far as the object of the investi- in Fig. 20. The arrangements used in the central load. 
gation is concerned. Both static and fatigue tests are ing tests are similar to those shown in Figs. 13 and 15. 
being made in which specimens are tested as simple The investigation includes tests of three lots of beams. 
In one, the beams were spot welded using a.-c. machines; 
in another, they were spot welded using energy-storage 
equipment; and, in the third, they were riveted. X.- 
ray examination indicated that the a.-c. spot welds con- 
tained cracks, whereas the energy-storage welds were 
sound. Photomicrographs of sections through pre- 
sumably typical welds from each of the two lots of 
beams are shown in Fig. 21. The corresponding static 
shear strengths of the two kinds of spot welds, as deter- 
mined from auxiliary tests of lap-joint specimens, were 
about 590 and 970 lb., respectively. The former value 
is considerably below the minimum (about 835 Ib.) 
shown in Fig. 1 for spot welds in 0.064-in. thick Alclad 
24S-T sheet. 

Static tests have been completed on the beams with 
a.-c. spot welds and on those which were riveted. Al- 
most equal strengths were developed; the respective 
computed maximum bending stresses at failure were 
25,000 and 25,100 psi. Failures occurred by buckling 
of the compression flanges adjacent to the load point 
at the center of the span. No evidence of any spot 
weld or rivet failures was found. Because of the manner 
in which these beams failed, the beams with the energy- 
storage welds probably would have about the same 
static strength as the others. 

Table 8 and Fig. 20 summarize the results of the 
fatigue tests under completely reversed bending. In 
the test of the beams with alternating-current spot 
welds, failure usually began as cracks through the welds. 
In the other two series of tests, many of the failures 
apparently began at locations other than those con- 
taining spot welds or rivets and, in some tests, the 
failures occurred entirely at such locations. When 
fatigue cracks did extend to a weld in the beams con- 
taining energy-storage welds, these cracks generally 
Psi. were tangent to the edge of the weld instead of passing 


Table 8—Fatigue Tests of Alclad 24S-T Box Beams 


(All tests made with complete reversal of stress) 


Loading Maximum 
Construction | arrangement bending Location of failure 
in test stress 

(1b/sq in.) 


Spot welded Central #16 ,000 Pp Cover plate under center bearing block. 
(a-c) + 7,560 31,400 | Cracks in spot welds near center of span. 

* 3,460 465,300 | Cracks through spot weld in channel. 

2,080 2,171,500 Cracks in spot welds near center of epan. 


t welded Two-point #15,320 60,700 | Cover plates and channel sections, 
energy~ through only one spot weld. . 
storage) #10,050 239,500 | Cover plates and channel sections. 4° 
failure through spot weld. , 
« 7,670 306,300 | Channel sections. One crack at edge ° 
weld. 97-23-42) 
* 5,020 | 868,600,000 | No failure. Test still running. (7- 


block. 
Riveted Central #15,700 26,200 | Cover plate under center bearing . 
#12;600 90,100 | Cover plate under center bearing block. 
*« 7,690 1,087,700 | Cnannel sections, 
* 4,860 4,804,600 | Channel sections, 
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through the weld. The results of the two series of 
tests in which failure began at locations other than 
those containing spot welds or rivets, therefore, are not 
necessarily indicative of the relative fatigue strengths 
of spot-welded and riveted beams. Comparing the 
results of the tests of the two lots of spot-welded beams, 
however, it is quite evident that the beams with the 
alternating-current welds were much inferior to those 
with the energy-storage welds. Much, if not all, of this 
difference can undoubtedly be attributed to differences 
in soundness of the welds, although the diameter of the 
energy-storage welds was greater than that of the al- 
ternating-current welds. 

Figure 22 shows the fatigue failures which occurred 
in one of the beams containing a.-c. spot welds. 


General Discussion 


The foregoing tests are not complete enough to per- 
mit final conclusions to be drawn. It is safe to say, 
however, even on the basis of the limited data presented 
herein, that spot-welded construction can be made to 
equal riveted construction in resistance to static and 
impact loadings. In resistance to fatigue it appears 
at present that spot-welded construction will not equal 
the best riveted construction unless the spot welds are 


Discussion Paper on an 

Investigation of the 
Effect of Welding 

on the Transition 
Temperature of 
Navy High-Ten- 
sile Low-Alloy 

Steels’ 


By G. F. Comstockt 


some interesting evidence on the effect of alloy 
additions on the weldability of Navy high-tensile 
lthough the authors have not emphasized this as- 
pect of their results. Probably it was felt that with only 
Py different steels tested insufficient data were avail- 
‘Al “ for a proper comparison of different types of steel. 
este thie is admitted by the writer, it is still inter- 
to ae tga which way the authors’ data point in regard 
aa “3 effect of titanium and other alloys on weldability, 

's discussion is offered to present the results in such 


’ \HE data presented in this valuable paper provide 


Steel, a 


— 


Frank by G. Luther, Carl E. Hartbower, Richard E. Metius and 
FLDING Sonnets published in Supplement to October 1946 issue of THE 
Chief; Phys 


‘gara Falls, Metallurgy, The Titanium Alloy Manufacturing Co., Ni- 


more sound and free from cracks than the a.-c. welds 
used throughout most of these tests. 

Even though the spot-welded specimens used in the 
tests described herein were not consistently equal to 
riveted specimens in resistance to fatigue, this does 
not mean that spot welding should not be used struc- 
turally. There are many structural applications, even 
in locations subjected regularly to vibration and re- 
peated loading, in which the highest order of resistance 
to fatigue is not essential. Experience has shown that 
spot-welded parts and structures are capable of with- 
standing quite severe service conditions. For example, 
many aircraft fuel tanks spot welded on the same a.-c. 
machines used in the preparation of the specimens de- 
scribed in this report have been tested on vibration 
machines approved for such tests by the Army and Navy 
and have shown satisfactory life. The results of these 
tests and the behavior of the tanks in service are ade- 
quate evidence that, in spite of the relatively poor 
fatigue strengths of the a.-c. spot welds in the labora- 
tory tests, it is possible to design spot-welded struc- 
tures which will satisfactorily withstand vibratory 
stresses. 


Reference 


1. Templin, R. L.: “Fatigue Machines for Testing Structural Units,"’ 
A.S.T.M. Proc., 39, 711-721 (1939). 


a way that they can be more conveniently added to the 
fund of knowledge of this phase of the subject. 

If the data in the authors’ Table 7 (A and B) are re- 
arranged according to the deoxidation and alloy additions 
of the steels, as given in Table 1, the following tabulation 
is arrived at: 


Effect of Titanium on 
Temperature ef Transition from 
Teste’ N Ductile te Brittle Types ef Fracture 


iso 
N\ 
| \ 


so 


Transition Temp 


tor Nick-Band feats’ Dots and lines 


200 


ircles and breken lines Same cteels welded 
Blach triangles = Mn-V-Ti steels, > 0.63%, 


\ 
Dpen triangles: Same welded 


Black squares: Cu-Ni stee)s, net welded 
Ppen squares: Cu-mi steels, welded 
‘ 
100 
So 4 


© (or less then 0,005) 0.008 6.012 0.016 0.026 
Titanium Content, Per Cent. 
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Steel Composition, % Other 
No. Ti Al V Alloys 
454 <0.01 Low 
488 <0.005 0.036 <0.005 Cu-Ni 
487 0.008 <0.01 0.034 Mn 
503 0.010 0.036 <0.005 Mn 
471 0.012 0.010 0.040 Mn 
502 0.017 <0.01 <0.005 Mn-Mo 
504 0.017 <0.01 <0.005 - Mn 
490 0.017 0.025 <0.005 Mn 


Fractures 

In Charpy Impact Test In Nick-Bend Test 
As-Rolled Welded As-Rolled Welded 

200 218 155 180 

106 100 —10 50 

160 200 180 225 

16 120 5 40) 

140 90 55 100 

40 40 5 15 

0 —5 40 30 

—20 55 —10 15 


Most of the low values in the above table, indicating 
steels with less tendency toward embrittlement by notch- 
ing, welding or low temperature, are found in the lower 
lines, applying to steels of higher titanium content. 
Aluminum also tends to lower the transition tempera- 
ture, or decrease the tendency toward embrittlement, but 
vanadium seems in these steels to have the opposite 
effect. The copper-nickel steel, essentially without ti- 
tanium, seems to be quite resistant to embrittlement, 
though not quite as resistant as the manganese steels 
with 0.017% titanium when tested by the Charpy im- 
pact method. 

These relations may perhaps be more readily appre- 
ciated from the accompanying chart, where the lines show 
the influence of titanium. It should be noted, however, 


that the steels with practically no titanium contained 
less than 0.60% manganese, while all the titanium steels, 
contained over 1%. Vanadium in these titanium steels 
seems to have a distinctly unfavorable effect on the em- 
brittlement tendency. All the transition temperatures 
for the steels with 0.017% titanium, however, are quite 


low, both before and after welding. This conclusion 


should be of considerable practical interest. 


In view of the favorable results reported in this paper 


for high-tensile steels with the higher titanium contents, 


further work might be profitable to determine whether the 


present minimum of 0.0059 titanium in the Navy spe- 
cification should be raised to 0.010%, in order to avoid 


the acceptance of steels with embrittlement tendencies 


as pronounced as that of Number 487. 


New Flux-Cored Filler 
Rods for Torch 
Welding 


By F. Danhier 


ARIOUS technical reasons dictate that the slag- 
forming materials for arc welding electrodes 
should be placed on the exterior of the electrode. 
However, for torch welding experience has shown that 
the slag-forming flux should be placed in the interior of 
the rod for the following reasons: 


1. In torch welding the heat is supplied by an external 
source and is transmitted to the filler rod through its 
surface. This surface should be a good conductor of 
heat, that is, metallic. Hence, the rod should not be 
coated. 

2. The filler rod is immersed in the flame for an inch 
or so. If the flux were on the surface it would melt off 
the rod and flow into the puddle. If welding were 
stopped and then resumed the bare portion of the rod 
would have no flux and would have to be cut off. On the 
other hand, with flux in the interior, the flux is held in 
the core by capillary action, each drop of metal carries 
the correct amount of flux with it, and used rods are as 
good as new. 

3. The metals, slag-forming reagents, and deoxidizers 
that may be in the flux coating are necessarily in the form 
of fine powders for manufacturing reasons, and are there- 
fore readily oxidized. The flame holds them for a rather 
long time at a high temperature. Consequently, they 


* Abstract of ‘‘Nouveaus métaux d'apport Améliorants ou autodécapants 
pour la soudue au chalumeau"’ Published in Arcos, No. 102, pp. 2430-2433 
(1946). Abstracted by G. E. Claussen, chief metallurgist, Reid-Avery Co., 
Baitimore, Md. 
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are irregularly, and sometimes totally, oxidized 


before 


entering the weld puddle. With a cored filler rod, on 
the other hand, the deoxidizers and alloying elements 
are protected against oxidation by the flame. Further- 
more coarser powders may be used which are less subject 
to oxidation. 


Fig. 1—Section Through a Cored Filler 
Rod Depositing 12°, Manganese Steel 


4. Coatings require an organic binder which 
feres with the action of the flux. The flux m cor 
rods requires no binder. 

The usual method of fabricating cored rods by 


and rolling a hollow billet filled with flux has be 


carded on account of the prolonged heating ot the 
forging temperature. Instead, the rod is fabricat: 


from a thin rolled band bent several times on its: 


fluxing reagents and some metallic additions | 
tributed mechanically as powder. Other meta! 
tions are made in the form of thin, rolled ribbo! 
proportion of the reagents is very precise and th 
of the filler rod is round and smooth. A wide va 
alloy filler rods can be made, such as 12% ma 
steel, Fig. 1. Besides rods containing merely 
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additions in the core, non-ferrous rods are made with the 
flux as well as any necessary alloy additions in the core. 
Thus rods can be made of compositions which could not 
be swaged or drawn. 

Among a number of different cored rods that are made, 
the following may be mentioned. A high-speed steel rod 
deposits steel containing 1.30% carbon, 14% tungsten, 
45°, chromium and 1.5% vanadium. The core contains 
flux and alloying elements. 

A pure aluminum rod contains only flux in the core. 
There is no need for interrupting welding to apply flux to 


the rod. For this reason welds made with the cored rod 


are unusually uniform in appearance. The flux in the 
interior of the rod is sufficiently protected from humidity 
of the atmosphere to undergo normal storage without 
damage. 

A rod for cast aluminum alloys reproduces in the weld 
metal, compositions which cannot be drawn, such as 
aluminum-zine-copper. These rods can be produced in 
much smaller diameters than the usual cast rods used for 
welding these alloys. 


A Welding Quest 


By William L. Warner‘ 


SUALLY one of the most urgent desires of a 
welding engineer, when confronted with the 
problem of fabricating a new design of weldment 
using an untried base metal, is for some simple, dependable 
method of test by which he may obtain, in a relatively 
short time, an adequate understanding of the welding 
characteristic of that base metal. A single test for this 
purpose such as to permit of a quantitative as well as a 
qualitative evaluation would undoubtedly be most de- 
sirable. 

The desire is recognized, and many attempts to satisfy 
it have been made and are being made, but a generally 
satisfactory answer does not yet appear. In some re- 
spects this problem reminds one of the old question 
about what happens should an irresistible force meet an 
immovable object. 

The similarity between these two problems might be 
considered to be shown by the observation that the 
principal factors involved in either of them cannot be 
persuaded to appear together in one stage setting, such 
that their individual stature can be clearly evaluated, 
even with the most clever and adroit stage management. 
This is a natural consequence of the considerable number 
ot variable factors involved in the first problem and the 
innate peculiarity of the two main factors involved in 
the second problem. 

If, with reference to the welding problem, adequate cor- 
relation between these variable factors could be definitely 
established so that their individual influences could be 
properly assessed and suitable allowances made to facili- 
tate interpretation of test data, the problem of testing 
metals for welding characteristics would be simplified 
considerably, 

_ Quite frequently in discussions of evaluating the weld- 

ing characteristics of metals the principal emphasis is 

placed upon the characteristic of “‘Ductility’’ and its im- 

portance in the performance of the metal in a structure. 
et retin zone of the welded joint and the metal- 
of structure and properties which have 
the reat ere due to the welding operation are naturally 
of interest since the heat-affected zones, 
mite : side of the joint, stand between the weld metal 

parts which it joins together. 
_ Characteristic of “Ductility’’ of metal can be 
methods. wd measured by conventional laboratory test 
ink us procedure might well afford a relatively 

ple approach to the problem of evaluating welding 


* The opi : 
Recessarily’ of te ' expressed in this article are those of the author and not 
t Senios We Ordnance Department. 


ling Engineer, Watertown Arsenal, Watertown, Mass. 


characteristics of metals, if this ductility factor could be 
adequately correlated with certain other factors which 
are also involved in the serviceable performance of metal 
in any application. 

Unfortunately the ductility, measured by conventional 
laboratory test methods under conditions of uniaxial 
loading, normal temperatures, and comparatively slow 
rates of loading, is not generally representative of the 
characteristic of metal which pertains under the more re- 
strictive conditions of multiaxial stress, subnormal tem- 
perature, and comparatively high rates of loading. This 
situation is generally recognized, but its practical impli- 
cations are not so well understood. 

Generally, ductility is regarded as the characteristic of 
metal which is indicative of its ‘‘ability to deform plas- 
tically’ or the extent to which it will deform in a plastic 
manner prior to rupturing under load. This metal prop- 
erty is usually determined as the elongation and reduction 
of area or of ‘“‘necking’’ of the test specimen in a tension 
test or the elongation of the outer fibers of the test spe- 
cimen in a bend test. 

This ability to deform, measured independently of the 
stress or load applied to the specimen and the time during 
which the deformation occurs, cannot always be exer- 
cised in service because the stress pattern under load may 
be such as to restrain the metal from readily deforming. 
Also, the load may be applied in such a manner that 
measurable deformation does not occur to any appreci- 
able extent before the maximum stress level reaches the 
fracture strength of the metal. In such cases, the metal 
may rupture with comparatively little deformation and 
exhibit a relatively brittle fracture because it does not 
have the ability to “roll with the punch to cushion the 
blow.” 

For serviceability under such conditions a character- 
istic of metals, referred to as ‘“Toughness,’’ is more im- 
portant because it involves the ability to sustain stress 
while deforming and is not synonymous with ductility, 
although frequently so used. This characteristic of 
‘“*Toughness”’ is indicative of the metal’s “ability to ab- 
sorb energy while deforming plastically’’ so that it in- 
volves ductility together with load-carrying capacity or 
“ability to deform plus ability to sustain load during that 
deformation.” 

This suggests that the characteristic of toughness may 
be determined by some method of test which subjects 
the metal to loading under, the restrictive conditions 
above referred to, namely, multiaxial stress, subnormal 
temperature and a relatively high rate of loading or shock. 
Usually such tests of metals are performed using a 
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notched test bar, which, in effect, produces a multiaxial 
stress pattern at the base of the notch, and the load is 
applied suddenly by a dropping weight or swinging pen- 
dulum. The temperature of the test bar may be what- 
ever is desired by the tester and the energy required to 
fracture the test bar is measured to give a qualitative 
evaluation of the metal for comparative purposes. 


It must be considered, however, this test gives a value 
of the toughness characteristic under the specific condi- 
tions of test only and is not necessarily indicative of the 
toughness of the metal under other conditions. This 
means that, in order to obtain some idea of the probable 
performance of a metal generally, either the range of varia- 
tion of the toughness value under a range of test condi- 
tions must be determined or the toughness value for the 
metal must be determined under test conditions of such 
severity as to exceed any possible combination of proba- 
ble service conditions. This idea suggests, also, that a 
notched-bar toughness test made under only one set of 
test conditions is of little value for general use except, 
possibly, with reference to a specific application of the 
metal where adequate correlation of the test data with 
service performance has been obtained. 

Now, one might logically ask, ‘‘Why should we be con- 
cerned with the toughness of the base metal used in 
welded structure as long as that base metal possesses ade- 
quate strength to carry the load for which the structure 
is designed ?”” There are several possible answers of 


which perhaps the simplest is that this metal character- 
istic provides a valuable factor of insurance against sud- 
den complete failure of the structure due to suddenly 
applied loads, stresses due to temperature changes, de- 
fects of workmanship or design weaknesses. Such a fac- 
tor of insurance cannot be provided as efficiently in any 
other way. There is no dependable substitute for tough- 


ness of the base metal. 


In this connection it should be pointed out that there 
are two fundamental characteristics of weldments, 
namely, continuity and rigidity, which at one and the 
same time constitute both a strength and a weakness 
from the structural standpoint. The strength afforded 
by these two fundamental characteristics has to do with 
the more efficient use of metal giving greater load-carry- 
ing capacity for the same weight or less weight with the 
same load-carrying capacity together with the opportun- 
ity for better streamlining and improvement of section 
moduli by proper metal placement. The weakness af- 
forded by these two fundamental characteristics has to 
do with the initiation and the propagation of rupture and 
its inhibition unless special attention is given in the de- 
sign to eliminating “‘stress raisers’ and providing ‘‘crack 
stoppers.’’ Because of the rigidity of the weldment, in- 
ternal stress levels can exist at or near the yield point of 
the base metal and a high degree of restraint to deforma- 
tion is thereby provided. Because of the structural con- 
tinuity of the metal in the weldment, a fracture, once 
started, may readily progress at a relatively high rate 
from member to member until ultimate failure of the 
weldment occurs. Since the characteristic of toughness of 
the base metal is an “‘energy absorber,’’ this characteris- 
tic becomes a very effective deterrent or inhibitor to the 
initiation and propagation of rupture and is, therefore, a 
very desirable characteristic for the base metal of any 
weldment to possess. Ductility alone is not sufficient 
under these circumstances. 


When a structure is to be fabricated by welding the 
question naturally is what will happen to the properties 
of the base metal as a result of the welding of the various 
joints involved. One might suppose that the heat-af- 
fected zone is the only significant factor in the answer to 
this question. This is not true since this zone is only one 
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of three elements involved in the serviceable performany 
of any welded joint in the structure. 

Each of these joints involves the weld metal, the bon 
between weld metal and base metal, and the heat-g. 
fected zone of the base metal as elements functioning jy 
its performance. These are the “‘links in the chain 
between the base metal parts of the structure. 

The serviceable characteristics of the welded bay 
metal, in which the welding engineer is very much inter. 
ested, must be determined by tests of the welded join 
itself. Most of these characteristics can be quite readily 
determined by conventional laboratory test procedures 
but evaluation of the toughness characteristics of the 
welded joint by a conventional procedure using a notched 
bar is rendered ineffective by the metallurgical nonhomo. 
geneity of the joint. In a toughness test, as in any 
strength test of a welded joint, the objective is not onl) 
to obtain a value for the entire joint, which includes wel 
metal, bond, and heat-affected zone, but also to determine 
which of the three elements is the ‘“‘weakest link in the 
chain.’’ The use of test bars with mechanical notches 
does not give a true answer for the first objective, since it 
confines the restraint factor to a very limited portion oj 
the joint, and defeats the second objective of the test, be- 
cause the location of failure is arbitrarily selected by place- 
ment of the notch. 

Another testing problem associated with the toughness 
determination is the matter of energy measurement t) 
rupture the specimen with the welded joint having a 
geometry as it will be in the weldment in service. This 
means the welded joint with the weld reinforcement leit 
on and, in the usual tension or bend specimen used for 
dynamic tests, this reinforcement so stiffens the weld 
metal section that failure usually occurs at the toe or edg: 
of the reinforcement either through the bond or through 
the heat-affected zone with a relatively low energ) 
value. This performance suggests that the stiffening or 
restraining effects of the weld reinforcement masks to 4 
considerable extent the metallurgical notch effect of the 
weld itself and gives a fictitious value for the joint. I 
one desires to test an appreciable portion of the welded 
joint under shock loading, the test specimen becomes ©! 
such a size as to be beyond the energy capacity 0! co 
ventional laboratory testing equipment. By keeps 
the specimen size such as to be within this capacity rang 
the test value oftentimes is a gross exaggeration 0! Ue 
importance of macro defects in the welded joint because 
of the relatively small portion of the joint which 1s 
cluded in the test. ; 

The problem of velocity or rate of loading of the tet 
specimen suitable for determining high toughness values 
and adequate for distinguishing critical differences 10 
toughness value of the welded joint, produced by vaT* 
tions in welding technique, geometry, and processing - 
tails, appears at present to be outside the realm o! co® 
ventional laboratory testing equipment. This limita" 
is believed to be not over fifty (50) feet per second. — : 
problem of measuring energy of rupture 0! metals 7 
velocities above this value must be recognized 4s 4 
siderable, but it is very pertinent to evaluating i ; 
ness of welded joints in high strength base metals whic 
have considerable toughness in the unwelded state. 

Ballistic tests developed during World War I lor : A‘ 
ing suitability of welded joints in armor plates ™ ye 
sentially welded joint toughness tests. Howeve ‘that 
tests were developed as ‘“‘go”’ and ‘‘no go" tests 
they were comparative only and the energy eae 
rupture the joint was not measured. These tests“ yen 
utilize mechanical notches or restraint conditiors al 
than those incident to the geometry of the tc>'! bs at 
and the welded joint involved therein. Howeve 
the general limitations of this method of tes': 
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cating impacts, equipment and space requirements, it 
could not at present be considered a satisfactory and ac- 
ceptable conventional laboratory test for general struc- 
tural determinations. Possibly some generally accept- 
able modification of this method of toughness testing can 
and may be developed. 

It is generally considered by the welding engineer that 


> the welded joint must be adequately sound as well as 


possess adequate strength and toughness if the welding’ 
characteristics of the base metal are to be considered ac- 
ceptable. For some purposes the element of soundness of 


’ the welded joint is determined by a nondestructive test, 


such as radiography, and for other purposes a destructive 
test is used. The objective in either case is to obtain a 
determination of the relative soundness with respect to 
acceptable standards concerned with the amount of 
metal discontinuities or macro defects present in the 
welded joint. This determination does not include con- 
sideration of nonuniformity of metallurgical structure or 
mechanical properties. 

For most purposes a radiographic test is adequate to 
determine relative soundness as regards number and ex- 
tent of macro defects in the weld metal and its boundar- 
ies and is commonly used for that purpose. Certain weld 
fracture tests are also commonly used for soundness de- 
termination. However, neither of these testing systems 
can be guaranteed to determine with certainty whether 
the ‘“‘underbead”’ type of crack is or is not present in the 
heat-affected zones of the welded joint. 

This type of crack, encountered in welding hardenable 
types of steel under certain conditions, is one of the most 
important but uncertain factors with which to reckon. 
The presence of this type of crack cannot be determined 
with certainty by any nondestructive test of the welded 
joint or any weld metal fracture test. A macroexamina- 
tion of the joint is necessary. It is generally indicated 
that this type of crack does not occur in the heat-af- 
fected zone, if the maximum hardness of that zone does 
not exceed 350 VBN. 

While explanations of the mechanism of formation of 
these “‘underbead”’ cracks are largely theoretical the gen- 
eral concept involves the presence of martensite, hydro- 
gen and stress in that region of the heat-affected zone 
where these cracks usually occur. It is known that these 
cracks can be prevented from forming if the base metal 
is suitably preheated before starting to weld or if certain 
types of electrodes and welding techniques are used for 

the welding. 

If all three factors—martensite, hydrogen and stress— 
are essential to the formation of ‘‘underbead”’ cracks, 
then it follows that any effective method of testing for 

underbead crack susceptibility’ of base metal must in- 
volve conditions which will accomplish the presence of 
these three factors to the extent to which they may be 
present in any actual fabrication of that base metal. 
Such a method of testing would be quite useful not only 
6 testing base metals by applying standard welding pro- 
cedures but also for testing the result of applying welding 
Procedures to standard base metals. 
fe be acd published data on cracking in the heat-af- 
me on welds have shown that the hydrogen en- 
olied metal from the arc atmosphere which is sup- 
lest ob + electrode coating. This suggests that the 
iaara te hy drogen factors can be controlled by regula- 

shih ; amount of hydrogen in the electrode coating 
welding cans selection of proper electrode to be used in 
of a martensitic structure in the 
tion and “ “ zone is a function of base metal composi- 
ing of the le cooling rate during and following the weld- 
of joint joint, and, since this cooling rate is a function 

scometry and heat input during welding, the 
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control of metal structure formation in the heat-affected 
zone is largely effected by regulation of welding heat in- 
put during welding. 

The third factor—stress—is a more elusive element 
and the methods of control of this factor are not well es- 
tablished. For the purposes of this discussion, however, 
we are not so much concerned with the problem of how 
to control stresses as we are with the question of 
whether it is the very localized stress, due to heating and 
cooling of the metal in the weld and heat-affected zone 
or the gross joint stress, due to the structural restraint 
imposed by the joint geometry and base metal mass, 
which is the more effective in promoting formation of the 
“‘underbead’’ type of crack. This question has never, to 
the writer’s knowledge, been satisfactorily answered but, 
whatever it may be, it must have some bearing on the 
shape and size of test specimen selected for determining 
the crack susceptibility of base metals. 

In the operation of arc welding, heat is applied to the 
base metal very locally and at a very high rate so that 
actually a hot spot exists in an area of essentially cold 
metal. As the heat is applied the metal in the hot spot 
tries to expand but is restrained by the adjacent cold 
metal so that high localized stress is generated in the in- 
termediate zone between. This is the heat-affected zone. 
It is considered possible that, during the relatively short 
period of time this temperature differential exists, the 
local stress may reach a level above the yield or flow 
strength of the metal in certain very small micro portions 
of the heat-affected zone very close to the hot spot. Since 
no one has ever been“able to measure the amount and ex- 
tent of these stresses during the heating and cooling cycle, 
their nature and the fact that they can and do exist must 
be mainly conjecture at the moment. The point is that 
such local stresses could exist separately and inde- 
pendently of any gross joint stresses which may be gen- 
erated by the heating and the restraint imposed due to 
joint geometry and base metal mass. It is their relative 
effectiveness in promoting formation of ‘“‘underbead” 
cracks which we should try to determine. 

This thought suggests that possibly the stress condi- 
tion and metallurgical structure suitable for adequately 
testing crack susceptibility of base metal might be pro- 
duced in a flat plate thus obviating the need for using an 
actual joint for the test. It is common knowledge that 
cracks of the ‘“‘underbead”’ type have been produced in 
single weld bead specimens of the flat plate type under 
certain conditions. However, the welding and thermal 
conditions associated with occurrence of these cracks have 
been related primarily to type of electrode and hardening 
of the base metal in the heat-affected zone rather than 
to the cooling rate prevailing in the region where they 
occur. There has been no exhaustive attempt to com- 
pare that cooling rate with those which may exist in 
various types of joints under similar conditions of weld- 
ing heat input. The thought here is that, by closely regu- 
lating welding heat input of the single weld bead on the 
solid flat plate such as to produce, in the heat-affected 
zone, a cooling rate the same as would be found in the 
welded structural joint being simulated, the cracking 
susceptibility of the base metal might be found to be the 
same for either solid flat plate or structural joint. One 
difficulty in applying this principle, however, is the lack 
of authentic basic data on cooling rates pertaining to the 
standard joint types under similar welding heat inputs 
and the effect of base metal thickness on those cooling 
rates. 

The time factor also appears to have some influence on 
the formation of these cracks as evidenced by reports 
that such cracks have been found up to 72 hours after 
welding. It has been shown by work at Battelle Memo- 
rial Institute, as reported by Mallett, Rieppel, and Vold- 
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rich, that ferritic weld metal liberates the major portion of 
its hydrogen at room temperature within 24 hours after 
welding. The question is how much of the hydrogen 
which is liberated comes from the weld metal of the spe- 
cimen and how much of it comes from the heat-affected 
zone? This is a rather difficult question to answer and 
possibly may not vitally concern the problem of mini- 
mum time interval after which the possibility of forming 
“underbead”’ cracks is remote. However, this mini- 
mum time interval must be included in any satisfactory 
test method for determining ‘“‘underbead crack suscepti- 
bility’’ of base metals which are to be arc welded. 

It appears evident that any method for determining 
the welding characteristics of metals, particularly high- 
strength steels, should include both a crack susceptibil- 
ity test and a welded joint toughness test by which a 


reasonably accurate idea of probable performance of the 
base metal and joints in a weldment may be obtained, 
Perhaps, as previously mentioned, should a reliable cor. 
relation be obtained between ductility and toughness 
at various strength levels, the problem of determining 
toughness of the welded joint might be simplified. Much 
has been written and considerable test data have been 

resented to show the effect of temperature, rate of load. 
ng, and restraint on the toughness characteristic of un. 
welded metals. Because of the lack of a suitable test 
method to determine this characteristic of welded joints, 
we are unable to make the comparisons desired ani 
necessary for adequate evaluation to permit of maximum 
economy in the use of metal. This is a pertinent problem 
for consideration by those engaged in attempting to evalu- 
ate the welding characteristics of metals. 


Scientists Seek Jet En- 
gine Secrets in “Bomb- 
Proof Dugout 


N A “BOMB-PROOF” dugout at the Westinghouse 
Research Laboratories scientists soon will begin to 
explode whirling, red-hot disks of metal in an effort 

to determine the maximum strength of parts for aircraft 
jet engines. 

Disks of specially developed alloys, 1 ft. in diameter 
and | in. thick, will be heated to temperatures above 
1400° F. and spun at the blurring speed of 1200 miles 
per hour—35,000 rpm.—until they literally fly apart 
under the combined attack of centrifugal force and heat. 

The disks will be placed in the center of a specially 
constructed dugout, ringed with heavy sandbags and 
attached to the shaft of an ultra-high speed motor which 
is located 10 ft. below the ‘‘dugout”’ floor. Electric heat- 
ing coils provide the high temperatures required. Dur- 
ing testing the 32-lb. disks are covered by thin steel 
hoods from which air has been evacuated to reduce 
friction. The hoods are constructed of '/s-in. steel, so 
that flying fragments of the metal will easily penetrate 
them. Use of a heavier steel would cause serious damage 


to the fragments and prevent close scrutiny of the type 
of fracture or break involved. 

As the heated disk spins, research engineers will make 
continuous measurement of its temperature. Methods 
for doing this posed a difficult problem. Since the disk 
is whirling at the rate of 35,000 rpm., any thermocouple 
attached to the outer rim would have a centrifugal pull 
of approximately 190,000 times its own weight and would 
have to be fastened strongly enough to resist a pull of 
many thousand pounds. The problem was solved by a 
special welding process. 

Periodic measurements also will be made of the ex- 
panding diameter of the whirling metal disk. Under 
high stress and temperature, all metals tend to creep, 
and with the very narrow clearances in the gas turbine, 
a knowledge of this rate of creep is vital. 

These destruction tests are aimed at revealing the ul- 
timate strength of alloys now used in gas-turbine rotors 
for jet engine application. In actual service, these rotors 
are subjected to terrific stress and temperatures. It 's 
planned to simulate and even exceed those conditions 
until the metal breaks up in the hope of deriving a set 0! 
principles from which behavior of alloys at any temper 
ture and speed can be predicted. 

Such knowledge of the physical limitations of metals 
will be valuable both in designing present aviation 2a 
turbines and in pointing the way to the development 0! 
new and stronger alloys. 
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By E. Paul DeGarmo,'t J. L. Meriam? and R. C. Grassi! : 
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NHERENT in welded construction is an ease of as- plastic flow. The welding designer must always be on a 
Il make sembling steel plates and shapes which often results guard lest these concentrations and discontinuities get 
lethods in configurations that are extremely rigid and con- into his designs with bad results. One of the obstacles . 
he disk tain concentrations of welding and structural discontinu- the designer faces is the difficulty of getting test data on 
ocouple ities that act as severe stress raisers and inhibitors to large, full-scale welded structures which may be used in 
gal pul * Presented before February 24th Meeting, San Francisco Section, A.W.S. perfecting his designs. Tests of such structures are very 4 
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Fig. 2—Above Deck View of Completed Hatch Corner 
Specimen 


available. There thus often remains a doubt as to 
whether data obtained from small-scale laboratory tests 
can be applied directly to the design of large structures. 

During the past year and a half a research program has 
been conducted at the University of California, first 
under the sponsorship of the Office of Scientific Research 
and Development, and later the Bureau of Ships of the 
United States Navy,! which has produced data which 
should be of considerable interest to the welding designer. 
This research program was an outgrowth of the failure of 
a number of welded merchant vessels and was originally 
conceived and executed under the sponsorship of the 
Board to Investigate the Design and Methods of Con- 
struction of Welded Steel Merchant Vessels, which was 
succeeded by the Ship Structure Committee. From the 
beginning «it was the unanimous opinion of all concerned 
that the test work should be conducted on full-scale 
structures of considerable magnitude to assure that the 
results would be directly applicable to ships. As a result 
nearly all the tests have been conducted on large speci- 
mens using plate thicknesses up to */,in. The wisdom of 
this approach will be borne out in this paper. 

A large number of tests have been conducted in order 
to study the effect of numerous variables. In this paper 
only four series of these tests will be considered. These 
deal with: (a) the effect of size on breaking strength and 


§ The opinions expressed in this paper are those of the authors and not of the 
Ship Structure Committee or of the U. S. Navy. 


energy absorption, (b) a comparison of the use of ferritic 
and{austenitic electrodes, (c) the effects of preheat and 
post heat, and (d) a comparison of welded and riveted 
joint performance. 


Procedure 


Since a number of the failures which caused the tests to 
be conducted had originated at the hatch corners of Lib- 
erty ships, producing fractures which progressed very 
rapidly, were of the cleavage type, and exhibited very 
little ductility, a test specimen was designed similar to a 
hatch corner of a ship. This specimen, shown in Figs. | 
and 2, was not an exact reproduction of the hatch corner 
on any ship but was very similar to the type of corner 
found on a number of the early Liberty ships. It con- 
sists, essentially, of three mutually perpendicular, inter- 
secting plates, all of which contain discontinuities in the 
form of 90 degree interior corners. Their assembly results 
in a concentration of welding at the intersection of the 
longitudinal girder, hatch end beam and deck plates. 

Most of the plate thicknesses were the same as those 
used on Liberty ships. The over-all dimensions were se- 
lected so as to give as large a specimen as possible and yet 
keep within the physical limitations and capacity of the 
3,000,000-Ib. testing machine at the University of Cali- 
fornia. The specimen itself is 8 ft. long. Heavy end tabs 
were attached to provide suitable connections for the pull- 
ing heads of the testing machine and to give the desired 
stress distribution. 

Due to the design details at the corner there was a void 
in the weld between the coaming and the deck. This was 
a condition which had been observed in several ship fail- 
ures and is evident in one of the later photographs. 

In welding the specimens a procedure was adopted 
which was representative of shipyard practice. Elec 
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Fig. 5—Specimen 16 

(Top) Before failure: View of corner from above deck; (Bottom) 
Before failure: Below deck, looking aft and inboard. 
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H.T.S. ferritic electrode was used. This electrode has 100,000 +———— 
si about the same tensile properties as the Type E-60 se- | aa 
ries. On specimen 13 a 25% chrome—20% nickel stainless J 
steel electrode was used. 20 40 60 80 100 /4° ga 
Table I lists the specimens tested. All except the Peer Tameaneraes, a 
quarter- and half-scale specimens, F and H, were con- Fig. 8—Energy Temperature Curve, Hatch Corner Specimens, ps 
structed from a special lot of steel which had been pro- C Steel 
40 
7 duced to give physical properties typr rai 
| cal of ordinary low carbon A.B.S. ship to 
quality plate. The analysis was tai 
— 0.24% carbon, 0.49% 
0.015% phosphorus, 0.033 sulphur ace 
ep. The physical properties as determined 
{ by 0.505-in. bars were as follows: 
— Vield............. 35,750 psi. 
57,050 pst. Spe 
. . . 
Elongation in 2 in. 33.67% Nu 
Reduction in area. 52.5% 
> 
The quarter- and half-scale mode 
| F and H, were constructed as cl 
/ J to linear scale as possible, incluc 
the sizes of the welds. The 
of the steels used in these quarter: 
pte half-scale specimens was not deter 
| mined but the physical 
“eo 46 ° 20 40 60 BO 100 «were very nearly the same 
TEMPERATURE ‘F the steel used for the full-scale sp* 
Fig. 7—Transition Curves, Steel C (Charpy Keyhole Notch) mens. 
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Fig. 9—Specimen 10: 


Energy measurements were made by the method illus- 
trated in Fig. 3. The wires between the end pins were 
essentially, a long gage length electrical resistance strain, 
gage which measured the strain taking place between the 
pulling pins. Since some of the energy measured was 
absorbed by the heavy end tabs, the values obtained were 
only relative. 

Specimens 15 and 18 were welded using preheat at 
100" F. Oxyacetylene heating torches were used to 
raise the temperature of the plate within 3 in. of the weld 
to the preheat temperature. The preheat was main- 
tained until welding was completed. 

After Specimen 9 was completed it was placed in a furn- 
ace and heated to 1000° F.. This temperature was main- 


vir 


After Failure 


tained for 8 hr; and the specimen then allowed to cool in 
the furnace. 

Specimens 16 and 19 were constructed using riveting 
instead of welding. Figures 4 and 5 show the details of 
these specimens. They were not typical of riveted hatch 
design but rather, only had riveting substituted for weld- 
ing in the existing specimen. 


Results 


Table I shows the results obtained from these tests. 
The nominal stress values given were determined by 
dividing the maximum load by the load carrying section 


Table I—Specimen Test Details and Results 


Type of 
Fracture 


Remarks 


Test 
pecunen Temperature, Maximum Nominal Energy Absorption 
umber F Stress, Psi. to Failure, In.-Lb 
70 
H 70 39,000 
~ 32 23,600 180,000 
4 LOO 27,400 342,000 
120 25,600 484,000 
3 142 29,200 860,000 
9 32 27,700 232,000 
72 30,000 
ik 70 32,600 1,046,000 
70) 32,800 1,358,000 
19 40 20,900 790,000 
20,600 588,000 
1947 


Shear One-quarter scale 
Shear One-half scale 
Cleavage Murex Type H.T-S. electrode used 


Cleavage and shear 
Shear 


Shear 
Cleavage 25-20 stainless steel electrode 
Cleavage Stress relieved after welding; 1000° F, for 


8 hours 


Cleavage Preheat at 400° F. 
Cleavage Preheat at 400° F. 
Cleavage 
Cleavage 
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as determined by actual measurements of the plate 
thicknesses. 

One of the most significant results shown in Table I is 
the very low nominal maximum stress. For Specimens 
10, 26, 14 and 25, which represent ordinary welding prac- 
tice, the average nominal stress at maximum load was 
only 26,450 psi. Probably a more representative figure 
is 24,500 psi. which was the average nominal maximum 
stress of several other specimens tested between 32 and 
75° F. When one compares these stress values with the 
tensile properties of the steel, given previously, it is ap- 
parent that there is considerable difference. It appears 
that tensile properties determined by 0.505-in. specimens 
are not of much help in furnishing design data for large 
structures. 

It was true that the hatch corner type specimen was of 
such configuration that serious stress concentrations ex- 
isted. However, that this alone does not account for the 
difference is shown by a comparison of the strengths of 
the quarter-, half- and full-scale specimens as shown in 
Fig. 6. Here the decrease in strength with increasing 
size is very apparent. It is true that a scale model con- 
structed only to the linear scale dimensions, as these were, 
is not truly a scale model in all respects. Still the de- 
crease in strength with size is rather alarming. While, of 
course, one should never extrapolate such curves as the 
one shown in Fig. 6, it is difficult to keep from speculating 
what would be the strength of a specimen built to two 


times full scale. Certainly the designer must do some ad- 
justing before applying strength data obtained from 
0.505-in. specimens to the design of large structures. 
Another very serious aspect of the effect of size is shown 
by acomparison of the curves shown in Figs. 7 and 8. Fig. 
ure 7 shows the variation of energy absorption with tem- 
perature as determined by testing keyhole Charpy bars 
made from the steel used for the full-scale hatch corner 
type specimens. Each point on these curves represents 
the average of not less than three tests. The upper portion 
of the curve represents shear type fractures. The lower 
portion represents cleavage type fractures. The mid- 
point of the rapid drop in the longitudinal specimen 
curve from high to low energy absorption is at about 
25° F. Thus, throughout most normally encountered 
temperatures these data indicate that this steel would 
have quite good energy absorption properties. Figure §, 
however, tells quite a different story. This curve shows 
the effect of temperature upon the energy absorption 
properties of this same steel when built into the hatch 
corner type specimen as determined from the tests of 
specimens 10, 26, 14 and 25. In this case the mid-point 
of the rapid drop in the curve is at about 110° F. When 
built into such a structure this steel fails with a cleavage 
type fracture, with very little duct.lity, at all normally 
encountered temperatures. There is thus 85° F. differ- 
ence in the transition temperature of this steel as deter- 
mined by Charpy tests and when built into a large, rigid 
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Fig. 10—Specimen 10: Close-Ups of Fractures 
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structure containing structural discontinuities. It is thus 
necessary to conclude that specifications for impact 
strength based upon the ordinary Charpy test are not 
satisiactory when steel is to be used in large, complex, 
welded structures unless the differences in the transition 
temperatures from high to low energy absorption are 
known for both conditions. It is os to speculate 
whether this difference would be 85° F. for all steels. 


Such seems highly improbable and more data for other 
steels seem desirable. 

A typical failure of one of the hatch corner type speci- 
mens is shown in Figs. 9, 10 and 11. The fractures 
originated at the corner of the hatch as indicated by the 
chevron pattern shown in Fig. 11. These chevrons, 
which occur in cleavage type fractures, always point 
toward the fracture origin. The void between the deck 


Fig. 11—Specimen 10: Fracture Patterns 


(Top) 


‘5 12—Weld Metal, Non-Postheated Weld, E-6020 Electrode. 
375 
1%] 


TESTS OF HATCH CORNERS 


Deck and doubler at corner; (Bottom) 


deck plate at outboard edge. 


Fig. 13—-Weld Metal, Postheated 
375 


eld, E-6020 Electrode. 
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Fig. 14—Heat-Affected Zone, Non-Postheated Weld, E-6020 
Electrode. 375 


plate and the coaming is clearly seen in these pictures. 
This void is difficult to eliminate in this particular design 
and acts as a stress concentrator. Similar voids may 
easily occur in many welded structures unless proper 
thought .is given to their elimination. When these 
cleavage type fractures occurred they traveled across 
the entire deck plate almost instantaneously. Actual 
velocities of several thousand feet per second have been 
measured. The ductility was very low, the reduction 
in thickness being less than 3.5% at the very edge of the 
fracture and dropping to practically zero at a distance of 
’/,in. from the fracture edge. In nearly all cases, except 
where preheat was used, the joint connecting the longi- 
tudinal girder to the hatch end beam failed completely. 
This failure occurred almost entirely in the double fillet 
weld as shown in the lower, right-hand picture in Fig. 10. 
For steel, which in the usual tensile tests has an elonga- 
tion of 33%, to behave as shown in Figs. 9, 10 and 11 at 
ordinary room temperatures is more than a little dis- 
concerting. 

In order to determine whether a superior electrode, 
having high physical properties including good toughness, 
would improve the performance of such a specimen, 
number 13, welded with 25-20 stainless steel electrode 
was tested. As shown in Table I there was about 13% 


16—Heat-Affected Zone, Non-Preheated Weld, E-6020 
Electrode. 375 


Fig. 15—Heat-Affected Zone, Postheated Weld, E-6020 Elec- 
trode. 375 


increase in nominal maximum stress and about 287, in- 
crease in energy absorption. While this was a definite 
improvement, other methods were found to be more 
effective. 

One of the most widely discussed factors which 
has been thought to contribute to the failure of welded 
structures is residual welding stresses. Since specimen 9 
was given a stress relief heat treatment after completion, 
by heating for 8 hr. at 1000° F. followed by slow cooling 
in the furnace, it certainly contained little, if any, residual 
stresses when tested. The maximum nominal stress for 
this specimen was 30,000 psi. as against about 24,000 psi 
for other specimens tested at the same temperature. 
This increase of 25% is very significant, but one must 
question whether it was due to the absence of residual 
stresses. 

When this specimen was heated for 8 hr. at 1000° F. 
changes other than the removal of residual stresses took 
place. Figures 12, 13, 14 and 15 show very clearly that 
metallurgical changes occurred. Subsidiary tests also 
showed that the maximum hardness in the weld was de- 
creased from 237 to 194 Knoop* and in the heat-affected 
zone from 368 to 232 Knoop by such post heat treatment 
There was, therefore, considerable doubt as to whether 
* 500-gm. load used. 


Fig. 17—Heat-Affected Zone, Preheated Weld, £-6020 Elec 
trod < 375 
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DISTANCE FROM WELD EDGE (mm) 
Fig. 18 Typical Microhardness Surveys Across Preheated and Non-Preheated Welds (E-6010 Electrode) 


the increase in strength was due to the absence of residual 
stresses or to other changes, such as the different micro- 
structure and decreased hardness. 

The tests of specimens 15 and 18 give a partial answer 
to the effects of residual stresses and changed micro- 
structure and hardness. Preheating at 400° F., as was 
done on these specimens, has been shown to have almost 
no effect on residual stresses. Therefore these specimens 
had their full quota of residual stresses. However, the 
use of such preheat greatly diminishes the rate of quench- 
ing to which the heated metal is subjected in the welding 
process. This results in an altered microstructure and de- 
creased hardness. This is shown by Figs. 16, 17 and 18. 
Such preheating also results in a greatly widened heat 


x 


Fig. 19 Heat-Atfected Zone, Non-Preheated Weld, E-6020 
Electrode. 22 
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affected zone as shown by Figs. 19 and 20. The results 
from these specimens, listed in Table I, show that their 
performance was considerably better than specimen 9 al- 
though they contained residual stresses. Actually the 
extent of the improvement in performance of specimens 
15 and 18 is not all shown in Table I. The performance of 
the welds in these specimens was very much better than 
for any of the other specimens as could be determined 
easily by visual observation during the tests. This can 
also be seen by comparing Figs. 21 and 22 with Fig. 10. 
Only in the preheated specimens did the failure of the 
longitudinal girder to hatch end beam joint occur largely 
in the plate rather than in the welds. The energy ab- 
sorption of these specimens was also very superior. 


Fig. 20-—Heat-Affected Zone, Preheated Weld, E-6020 Elec- 
trode. X22 
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Fig. 23—-Specimen 19 


(Top) View of corner, after failure; (Bottom) Deck and d 
fracture patterns, looking aft. 


Fig. 21—Specimen 18 


(Top) Fractures: Viewed from above deck; (Bottom) Fractures: 
Viewed from below deck, outboard, and forward of hatch end beam. 


Fig. 22—-Specimen 18 


(Top) Corner viewed from inside of hatch; (Bottom) Deck and (Top) Fracture in doubler (angle cut away); arrow 
doubler fracture patterns, looking aft. tent of first fracture. (Bottom) Fracture in deck (dou! 
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One must conclude from the tests of specimens 9, 15 
and 18 that if residual stresses had any bad effects they 
must have been small and that the effect of changes in 
microstructure and hardness are much greater. Since 
there was a considerable change in microstructure and 
hardness when specimen 9 was given the “‘stress relief’’ 
heat treatment, it seems probable that the effects of 
residual stresses were very slight if any at all. 

The results of specimens 9, 15 and 18 point out the 
necessity of going back to fundamentals when trying to 
improve weld performance. The effects of high rates of 
quenching are well established, even on low-carbon steels. 
It is obvious that in the welding process very hot metal 
comes in contact with relatively cold metal and that 
rapid quenching follows. Anything done to decrease the 
quenching action or temper the hardened constituents 
would improve the properties of the welded structure. 

_It is possible that other changes than those indicated 
may also contribute to the improvement which was ob- 
tained from post and preheating. Changes in chemical 
composition, for example, the hydrogen content, have 
been suggested. These have not been investigated com- 
pletely but othet work* has failed to show that hydrogen 
was the answer. 

Since the performance of the welded specimens was not 
all that could be desired, the question arose as to how a 
similar riveted structure would perform. The results of 
the tests of specimens 16 and 19 were very interesting. 

\s shown in Table I their nominal maximum stresses 
were not as great as for the welded specimens. The 
energy absorption, however, was considerably better. 
From Fig. 8 it can be seen that the energy absorption for 
in ordinary hatch corner specimen welded without pre- 
heat and tested at 70° F. would be only 235,000 in-lb. 
The reason for the superior energy absorption of the 
riveted specimens could easily be seen by watching the 
tests. At loads as low as 300,000 Ib. the ‘‘working”’ of the 
riveted joints was apparent. In welded specimens the 
ngidity was so great that one could see no evidence of dis- 
tortion until a load of about 1,000,000 lb. was reached. 
It is interesting to note that the energy absorption of the 
preheated welded specimens was much superior to that of 
the riveted ones. 

One very significant fact brought out by the tests of 
the riveted specimens was that, although cleavage type 
lailures resulted, they progressed only to the first or 
second rivet hole from the point of origin and stopped. 
This is shown in Figs. 23 and 24. When such a failure 
Starts in a welded structure, it progresses to great lengths 


, ‘ Flanigan, A. E., “The Investigation of the Influence of Hydrogen on Duc- 
lity of Are Welds in Mild Steel,”’ thesis at the University of California. 
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due to the continuity of the structure. This is a serious 
fact to which the designer of welded structures must give 
considerable attention. 


Conclusions 


Analysis of the results described leads to conclusions 
which may be summarized as follows: 

1. For a given steel there may be as much as 85° F. 
difference between the temperature at which there is a 
transition from shear to cleavage fracture as determined 
by keyhole Charpy tests and as determined by tests of 
full-scale, large welded structures. 

2. The strength of steel when fabricated into large 
sturctures may be considerably less than when determined 
by ordinary 0.505-in. tensile tests or from tests of smaller 
structures. 

3. Preheating at 400° F. produces better strength, 
energy absorption and weld performance. The effects 
are superior to those obtained from a stress relief heat 
treatment for 8 hr. at 1000° F. following welding. 

4. Preheating at 400°°F. produces a wider heat- 
affected zone, and softer weld metal and heat-affected 
zones. 

5. The use of 25% chrome—20% nickel electrode 
produced better performance than was obtained with 
ordinary ferritic electrode, but not as good as was ob- 
tained by using preheat at 400° F. with E-6020 electrode. 

6. Under static loading the effects of residual stresses 

on large, complex welded structures, such as the hatch 
corner type specimen, are small if any, and not nearly as 
important as the effects of microstructure and hardness 
of the weld metal and heat-affected zone. 
7. The substitution of riveting for welding without 
preheat in the hatch corner type specimens did not result 
in as great strength but did give considerably greater 
energy absorption. 

8. When cleavage type fractures took place in welded 
hatch corners, they progressed across the entire speci- 
men. When similar fractures occurred in riveted hatch 
corners they progressed only to the first or second rivet 
hole from the point of origin and stopped. 

The information presented in this paper should be of 
some help to the designers of large welded structures, 
particularly in pointing out sources of possible difficulty. 
However, it is apparent that more data are needed. 
Further research should eventually supply all the data 
that are needed to enable designers to incorporate the 
many advantages of welding into all types of structures 
without danger of service failures. 
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Optimum Welding Conditions and 
General Characteristics of Spot Welds 
in Magnesium Alloy Sheet 


By W. F. Hess", T. B. Cameron’, D. J. Ashcraft§ and F. J. Winsor! 


Summary 


XPERIENCE has shown that the 

spot welding of the three commer- 
cially available compositions of magnesium 
alloy sheet can be readily accomplished with 
equipment suitable for the spot welding 
of aluminum alloys. For the production 
of sound and consistent welds, the surface 
of the sheet to be welded must be care- 
fully prepared either chemically or me- 
chanically. A major objective of this 
research was the development of a single 
chemical solution to clean all varieties of 
stock at room temperature. The results 
of the work on this problem formed the 
first paper of this series.' 

The present paper is devoted to the 
following subjects: 

1. The description of methods for 
testing and examining spot welds in mag- 
nesium alloy sheet. 

2. The determination of optimum 
conditions for spot welding two equal 
thicknesses of each of the commercially 
available compositions of magnesium 
alloy sheet in selected tempers and gages 
after chemical surface preparation. In 
this study, general principles involved in 
spot welding these alloys are elucidated. 

3. The physical properties of spot 
welds in each of the materials for which 
optimum welding conditions were estab- 
lished. The results provide a basis for 
judging quality in the spot welding of the 
magnesium alloys, and demonstrate the 
essential characteristics of spot welds 
made in each. 


Introduction 
Magnesium alloy sheet is generally 


* Contribution from the Welding Laboratory, 
Rensselaer Polytechnic Institute, Troy, 

This paper is based in whole or in part on work 
done for the Office of Scientific Research & De- 
velopment under Contract No. OEMer-1062 
with Rensselaer Polytechnic Institute. This 
paper is the second in a series presenting the re- 
sults of an investigation into the spot welding of 
magnesium alloys carried out between July 1943, 
and Aug. 31, 1944. Details regarding the organi- 
zation and history of this program can be found 
in the Foreword of the first paper (reference 1). 
The information contained herein has been re- 
none for publication from O.S.R.D. Report 

R.D. No. 4956, Serial No. M-375, dated 
21, 1945. 

t Professor of Metallurgy, Head of the Weld- 
ing Laboratory, Rensselaer Polytechnic Institute. 

t Assistant Professor of Chemistry, University 
of Cincinnati, Cincinnati, Ohio. 

§ Junior Engineer, Technical Service Div., 
Standard Oil Co. (Ohio), Midland Building, 
Cleveland, Ohio. 
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used in one of three compositions and, 
for thicknesses 0.102 in. or less, in one of 
two tempers: annealed or hard rolled. 
The table below gives the nominal com- 
positions, and the corresponding designa- 
tions of two important manufacturers. 


Class I specification. They must be 
water-cooled to lessen tip pickup, but 
never below the dewpoint, when conden- 
sation of water on the electrode tips takes 
place. Tip contours which have been 
tried and found satisfactory include the 


American Magnesium Corp. 
Designation 
Hard Rolled 


Nominal Composition 
Mg, 1.5Mn 
Mg, 3Al-1Zn 
Mg, 6Al-1Zn 


Annealed 
AM3S-O 
AMC52S-0 
AMC57S-O 


Dow Chemical Co. 
Designation 
Annealed Hard Rolled 
M-A M-H 
FSI-A FSI-H 
JI-A Jl-H 


AM3S-H 
AMC52S-H 
AMC57S-H 


In Appendices A and B, the physical 
and mechanical properties, respectively, 
of each composition and temper alloy are 
compared with those of Alclad 24S-T, an 
aluminum-base sheet composed of a dural 
type alloy thinly clad (about 10% of total 
thickness) with commercially pure alumi- 
num to improve corrosion resistance.?: 3. 4 
Alclad 24S-T has found wide application 
in the aircraft industry, and its spot- 
welding characteristics have been rather 
thoroughly investigated. It is seen that 
the magnesium alloys share with those of 
aluminum a relatively high electrical and 
thermal conductivity, a low-melting point, 
and a high coefficient of thermal expan- 
sion. 

It is not surprising, therefore, that 
equipment suitable for aluminum alloys 
may be used for spot-welding magnesium. 
The essential requirements of such equip- 
ment are: 


1. High welding current capacity. 

2. Accurate control of welding cur- 
rent and welding time. 

3. Precise control of electrode force. 


These conditions are met by a.-c. machines 
and by electrostatic and electromagnetic 
stored energy machines currently on the 
market. Because of the high coefficient 
of thermal expansion and the high ther- 
mal conductivity of light metal alloys, 
rapid follow-up of electrode tips is neces- 
sary. Machines should be equipped with 
air operated, low inertia, 
type welding heads. Rigidity of both 
upper and lower electrode arms during 
welding must be assured to prevent elec- 
trode deflection. 

Electrodes commonly used are made 
from the hard, high-conductivity copper 
alloys meeting the R.W.M.A. Group A- 
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anti-friction 


to in. x 4° flat, the 7° 
8-in. radius domes. 

Certain practical considerations helped 
to delimit the scope of this investigation 
If, for reasons of greater lightness, mag- 
nesium alloys are to replace those of alu- 
minum in stressed aircraft structures, it 
is probable (see Appendix B) that thicker 
gages of sheet will have to be used to ob- 
tain the required strength. For this 
reason, attention was centered on the 
0.040, 0.064 and 0.125-in. thicknesses in 
the present work, rather than on the 0.02", 
0.032, 0.040 and 0.064-in. gages whict 
have been carefully studied with Alclad 
24S-T. 

Furthermore, since the weak Mg-! 
Mn alloy is usually recommended for un 
stressed structures where maximum forma- 
bility is desired, and the Mg-3Al-1Z0 
and Mg-6Al- 1Zn alloys where superior 
strength is required, consideration has 
been given at some points only to the 
annealed condition of the Mn sheet, and 
to the hard-rolled condition of the Al-2n 
bearing sheet. 


cone, and 2 to 


Material 
Stock was supplied by both the Ametr 
can Magnesium Corp. and the Dow cl 
cal Co. 


Welding Equipment 


he 
both of Ul 


Two welding machines, ie 
set 


electrostatic stored energy type WT 
in this work. Appendix C is 4 
the essential data characterizing 4° h 
Machine A, of the press type, ““> Co 
by the Federal Machine and Weider 
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and generously consigned for use in this 
and other aircraft spot-welding investi- 
gations. It was provided with more than 
the usual number of primary transformer 
connections, to permit flexibility in the 
idjustment of current wave form. The 
-ontrol unit for this machine was specially 
designed and constructed by the Raytheon 
Manufacturing Co. for wave form studies 
with aluminum alloys, and was made avail- 
able by the Army Air Forces, Wright 
Field. 

The unit provided for uni-directional 
dow of the welding current and was used 
principally for a study of the effect of 
current direction on electrode pickup. 
For this purpose it had an obvious advan- 
tage over machines in which the direction 
yf secondary current flow reverses from 
one weld to the next. 

Machine B, also of the press type, was 
built by the Taylor-Winfield Corp. and 
generously consigned for use in this and 
other aircraft spot-welding investigations. 
The Taylor-Winfield control for this 
machine provided for reversing the direc- 
tion of current flow on each successive 
lischarge. Machine B was used for the 
investigation of welding conditions, and 
for all other welding. The following facts 
should also be noted: 


© = SOUND WELDS 


DUD WELDS 

= CRACKED WELDS 

4& = POROUS WELDS 

© « EXCESSIVE SHEET SEPARATION 


X = EXPULSION 


CODE FOR INTERPRETATION OF 
STRENGTH-CURRENT CHARACTERISTICS 
Fig. 1 


1. Both machines were designed for 
the condenser-discharge welding of alu- 
minum alloys, and met the essential re- 
quirements for such work. 

2. Machine A was equipped with a 
secondary shunt,* and machine B with a 
primary shunt, for measuring the welding 
current. Electric strain gage equipment 
was available for making studies of the 
electrode force under dynamic conditions.’ 
An electromagnetic oscillograph was used 
to obtain permanent records of current 
and electrode force. 

3. Although both machines had pro- 
vision for the application of forging force, 
a constant force cycle was used through- 
out the investigation. Consequently, dy- 
namic records of electrode force were taken 
only occasionally to check on the per- 
formance of the welding head. 


The electrode tips were of the female 
threaded type, water-cooled, 1!/, in. in 
diameter. The electrode materials met 
the R.W.M.A. Class I—Group A require- 


specimens 0.040 and 0.064 in. in thickness 
were those which have been recommended 
for use in preparing single-spot shear 
strength samples.* 


Gage, In. Dimensions, In. 
0.040 1x4 
0.064 5 
0.125 2x6 


Surface treatment prior to welding was 
performed in accordance with the pro- 
cedures developed earlier in this investiga- 
tion.! Surface resistance measurements 
were used to check the effectiveness of the 
surface cleaning operation. The specimens 
were generally welded within an hour after 
surface treatment. 


SECTION A-—THE TESTING AND EX- 
AMINATION OF SPOT WELDS IN MAG- 
NESIUM ALLOY SHEET’ 


Shear Strength and Shear Strength Con- 


ments. sistency 
Hardness Conduc- Ultimate Annealing 
(Rock- tivity Strength, Temperature, 
Manufacturer Name well B) (% of Cu) Psi. °C. 
P. R. Mallory & Co. Elkaloy A 50-74 85 65,000 350 
S-M-S Corp. 68 80 


Alloy 101 


Tips made from the two materials were 
used interchangeably, and the tip con- 
tours employed were limited to 2'/», 3, 6 
and 10-in. radius domes. Experience in 
this laboratory with the welding of alu- 
minum has shown the superiority of dome 
shaped electrodes over conical or flat con- 
tours.’ 


Preparation of Stock 


The stock specimens were cut in accord- 
ance with the dimensions shown in the 
following table. The dimensions for the 


0.040" AMC52S- 


ELECTRODE TIPS*3” R. DOMES 
CAPACITANCE = 600 MFDS. 

TURNS RATIO= 300:1 
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EFFECT OF VARYING ELECTRODE FORCE 
ON 


STRENGTH-CURRENT CHARACTERISTIC 


H, CHEMICALLY CLEANED 


ELECTRODE FORCE (LBS) + 700 900 1000 


| 


IN LBS 


WELD S 


20 22 «(84 26 


28 30 32 34 36 38 


PEAK CURRENT IN KILO-AMPERES 
Fig. 2 


1947 


SPOTWELDING MAGNESIUM ALLOYS 


60,000 


Shear strength was determined on single 
spot lapweld specimens prepared by weld- 
ing test pieces at the center of an overlap 
equal to their width. A jig was provided 
to ensure proper alignment of the pieces. 
The specimens wete tested in a Baldwin- 
Southwark-Emery 60,000-lb. hydraulic 
testing machine using the 5000 lb. range 
and 3-in. wedge grips. The machine was 
operated at a head speed of about 0.2 in, 
per minute. 

Shear strength consistency under a given 
set of conditions was determined after pre- 
paring and pulling to destruction 25 
shear strength specimens. The average 
strength, the maximum and minimum 
strengths, and the relative root mean 
square deviation of the strengths of the 
25 welds from the average, were recorded. 
The last figure, which is also called ‘‘the 
coefficient of variation,’’ is a measure of 
consistency.!!+ 

The manner of failure, whether by shear 
of the weld metal (brittle shear-B/S) or 
by tear of the parent metal around the 
weld (ductile tear-D/T) was always noted. 


Soundness—-Radiography 


Examination of the shear fractures en- 
abled the operator to ascertain whether 
fusion had actually developed at the fay- 
ing surfaces, whether the nugget was 
round, and whether there had been any 
expulsion of metal between the sheets. 
These are qualities of ‘‘soundness.’”’ If 
no fusion had occurred the weld was called 
a “dud.” 

X-ray radiography, which is a non-de- 
structive method of testing, can also be 
used to detect expulsion and, under favor- 
able conditions, the existence of a dud or 
an unsymmetrical nugget. It is especially 
useful, however, in detecting cracks and 
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porosity in the nugget. Certain rings ob- 
served in radiographs demonstrate, fur- 
thermore, the segregation of constituents 
in the weld nugget and may be used for the 
determination of weld diameter. 

In the radiography of spot welds in 
magnesium alloys, difficulty arises be- 
cause of the small size of defect which it is 
desired to detect. To radiograph spot 
welds in comparatively thin sheets re- 
quires:!* (a) low voltages; (b) a tube with 
a fine focal spot; (c) film with fine grain 
size and extremely high contrast. 

Operating conditions for the magnesium 
alloys with a tube having a focal spot of 
about 1 mm. diameter, using a tungsten 
target with full-wave rectification were 
found to be: 


Total Sheet 
Thickness, 
In. 
0.080 
0.128 


Tube 
Distance, 


time saved in polishing and etching several 
sections at once, but also because the wider 
sample was easier to handle while polish- 
ing. The use of heavy pressures and ex- 
cessive times in polishing is particularly 
harmful. Unless the specimens are pol- 
ished with light pressures and for as short a 
time as necessary to produce a proper sur- 
face, it is easy to tear out the constituents 
or to work the surface of the metal badly 
enough to obscure the true grain structure. 

For etching, a 5-second immersion in 
10% acetic acid solution was used. With 
Mg-3Al-Zn sheet, an alternative was the 
“nickel nitrate’? etch, consisting of 3% 
acetic acid and 5% of 5% nickel nitrate 
solution. This was applied for 7-9 sec. 


Considerable difficulty was experienced 


Exposures, 
Milliamp.-Sec. 
Mg-1.5Mn Mg-Al-Zn 

250 


These exposures are valid for Agfa Ansco 
Superay “B,”’ fine-grain, non-screen X- 
ray film, and are roughly one-third of 
those used with equal thicknesses of alu- 
minum (Alclad 24S-T) sheet. The dis- 
tance given in the table is large, and prob- 
ably could have been reduced consider- 
ably without any great loss in detail and 
with appreciable reduction in exposure 
times. 


Sheet Separation 


Sheet separation was measured by 
slipping a ‘‘feeler’’ gage between welds 
spaced */, in. from center to center. The 
sheet separation was considered excessive 
when it exceeded 10% of the thickness of 
one sheet (reference 10, p. 523). Sheet 
separation cannot be measured precisely. 


Weld Diameter, Penetration, Symmetry 
and Metal Structure—Microsectioning 


From a transverse microsection taken 
through the center of the spot weld at right 
angles to the plane of the sheet, the follow- 
ing data can be obtained: 


1. Weld diameter and weld penetra- 
tion; 

2. Position and shape of the weld nug- 
get in the sheet; 

Information on the metallurgical 
structure; 

Information on the extent of cracks 
and porosity. Although not 
quite so reliable as X-ray radi- 
ography for the observation of 
cracks, the section will show tHe 
position of the crack relative to 
the metallurgical structure, and 
thus perhaps disclose its origin. 


Preparation of Microsections.—The spot 
weld sections examined in this research 
were mechanically mounted to avoid the 
heating experienced when mounting in 
plastic materials such as bakelite or lucite. 
It was found convenient to mount the 
sections in packs, not only because of the 


with the subsequent staining of specimens 
by etching solution which had penetrated 
between the specimens in the mechanical 
mount during etching, and was not com- 
pletely removed during rinsing. The 
nickel nitrate etch caused exceptional 
trouble in this way and offered no particu- 
lar advantage over acetic acid. 

Weld Diameter, Penetration and Sym- 
metry.—The weld diameter was taken to 
be the maximum length of the cast weld 
nugget as determined on the etched mi- 
crosection. The weld penetration in % 
was considered to be the maximum thick- 
ness of the weld divided by twice the origi- 
nal sheet thickness and multiplied by 100. 

Symmetry in the horizontal plane of the 


weld is best observed on the shear frac. 
tures, and symmetry in the vertical plan 


can be effectively studied from the tran; 
verse microsection. Toroidal and oy, 
weld nuggets were occasionally encouy 
tered, while welds with unequal penetr, 
tion into each sheet were quite common 
particularly in the Mg-1.5Mn alloy. 


If only the diameter, penetration an 


symmetry of a weld are required, a roug! 


section will often suffice.'* A center line js 


scribed across the face of the weld, th 


weld is sawed through alongside this cep. 


ter line, smoothed with a few strokes of th; 
file, and then etched for 4—5 sec. in 10° 
acetic acid. The weld nugget is easily 
seen, the diameter and penetration meas. 


urements can be made with a pair of di. 


viders. 

Weld Metal Structure-—When exam. 
ined under the microscope, the etched 
microsection reveals various features of 
weld metal structure: (1) metallurgica! 
structure within the weld; (2) presence of 
severe cracks and cavities; (3) segregation 
of constituents and (4) extent and struc. 
ture of heat-affected zone. These features 
may in time be correlated more fully tha: 
at present with the strength and fatigu 
characteristics of the weld, and, for ex- 
ample, with such phenomena as stress cor- 
rosion cracking. 


SECTION B—OPTIMUM WELDING 
CONDITIONS AND GENERAL SPOT 
WELD CHARACTERISTICS 


The following variables must be speci 
fied in any statement of conditions for th 
production of consistent, sound spot welds 
in magnesium alloy sheet with a condenser 
discharge machine: 


1. Composition, temper and gage 
sheet to be welded. 
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2. Surface condition of sheet to be 
welded, in particular its surface 
resistance. 

3. Electrode tip contour. 

Electrode force. 


Current wave-form. The current 
wave-form may be stated in 
terms of the time to peak current, 
and in any given machine is 
established by the condenser 
capacitance and the transformer 
turns ratio. 


Peak secondary current. For given 
values of condenser capacitance 
and transformer turns ratio, the 
peak secondary current in any 
specific machine is determined 
by the voltage to which the con- 
densers are charged. 


The three machine adjustments which 
the operator makes to control the welding 
current are the capacitance, the turns 
ratio, and the condenser voltage. The 
wave form and magnitude of the resultant 
current depend to some extent, however, 
on machine design. The resistance and 
inductance of the secondary circuit may 
vary considerably from welder to welder, 
and are markedly influenced by a change 
in throat dimensions. For this reason a 
statement of welding conditions in terms 
of machine settings such as capacitance, 
‘urns ratio, and voltage are without pre- 
“se significance, and can be used only as 
* seneral guide. Where equipment is 
Available for the measurement of current 
re “urrent wave form, the calibration of 
in terms of these fundamental 
"Sis possible. Welding conditions 
“Pressed in such terms have a precise 
Significance. 

The object of this part of the present 
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research was to determine the general 
factors involved in spot welding the three 
commercially available compositions of 
magnesium alloy sheet. No attempt was 
made to establish optimum conditions for 
welding all gages and tempers, although 
such conditions were determined on the 
particular materials chosen for study. 
Careful attention was given to the physical 
properties of the welds. 

The investigation was limited to the 
following materials: 


1. 0.040 and 0.064-in. Mg-3A1-1Zn 
hard-rolled sheet. 

2. 0.040 and 0.125-in. Mg-6Al-1Zn 
hard-rolled sheet. 

3. 0.040 and 0.064-in. 
annealed sheet. 


Mg-1.5Mn 


Only the welding of two equal thick- 
nesses of the same material was studied. 
A constant electrode force cycle was used 
throughout, that is, the electrode force 
remained constant and at its maximum 
value while the welds were forming and 
cooling. Three-inch radius dome tips were 
used with 0.040-in. stock, 6-in. R domes with 
0.064-in. stock, and 10-in. R domes with 
0.125-in stock. These contours were con- 
sidered appropriate, in the light of pre- 
vious experience with aluminum alloys, 
for the production of spot welds having 
diameters properly proportioned to the 
thickness of the sheet. 


Procedure 


The experimental procedure consisted 
of obtaining a series of strength-current 
characteristics showing not only how weld 
strength varies with peak current, but 
also where dud welds, cracked or porous 
welds, excessive sheet separation, and/or 
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Fig. 5 


expulsion of metal occur. The term, ‘“‘dud 
weld,” although applied to one in which 
there is very little or no fusion extending 
across the plane of the faying surfaces, does 
not mean that such a weld has zero 
strength. A dud weld may gain consid- 
erable strength through ‘“‘pressure-bond- 
ing’ under the influence of heat generated 
by the welding current. Dud welds do, 
however, fail suddenly and have very er- 
ratic strength. 

It should also be pointed out that flash- 
ing or spitting of a weld with resultant 
expulsion of metal occurs under at least 
two distinct conditions: 


1. When the sheet has a high surface 
resistance. In this case, there is flashing 
due to excessive heating at the electrode- 
to-sheet contacts as well as at the faying 
surfaces. Molten metal may be expelled 
around the welding tips and between the 
sheets. 

2. When too high a welding current is 
being used. For each value of electrode 
force and each current wave-form, there is 
a limiting value of peak current above 
which the expanding nugget of fused metal 
is too large to be contained by the pres- 
sure of the electrodes. Molten metal is 
expelled between the sheets. 

In this paper, the term ‘‘expulsion’’ may 
be taken to mean that of the second type. 
Flashing due to high surface resistance is 
not experienced with sheet properly 
cleaned for welding by chemical or me- 
chanical methods. 

In obtaining each strength-current char- 
acteristic, an effort was made to select at 
least five values of current covering a 
range from values which produced dud 
welds to those which caused expulsion. 
At each of these values, three shear 
strength specimens and one strip of four 
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welds (spacing = */, in. from center to 
center) were prepared. Freshly machined 
electrode tips were used in making the 
welds for each characteristic. The tips 
were carefully cleaned with No. 240 grit 
emery cloth before making the seven welds 
for each point on the characteristic. After 
cleaning and before making the first regu- 
lar weld, one or two spots were welded in 
blank pieces of stock to ensure uniform 
electrode surface condition. These pre- 
cautions guarded against obtaining er- 
ratic and non-reproducible results due to 
dirty tips, and were especially important 
when welding Mg-1.5Mn sheet. 

The strength at any given value of cur- 
rent was based on the average from the 
three shear specimens. The occurrence of 
dud welds and of expulsion was determined 
by examination of the shear-test fractures. 
The occurrence of cracks was determined 
by radiographing the four-weld strip. 
The same strip was examined for sheet 
separation by means of a ‘“‘feeler gage.” 
After sectioning, mounting and etching, 
the weld diameter and penetration were 
measured and the weld metal structure 
was examined under the microscope. 

Oscillographic records of the current 
were made at every value of current in- 
vestaged. From the record, on which had 
been imposed simultaneously a 60-cycle 
current trace for timing purposes, the 
peak current and the time to peak current 
could be calculated. 

The shear strength consistency of welds 
in sheet of selected composition and gage 
was determined after welding conditions 
had .been chosen from the strength-cur- 
rent characteristics. 


Interpretation of Strength-Current Charac- 
teristics 


Figure 1 gives the code used in graph- 
ing the strength-current characteristics 
presented in this report. In examining 
these characteristics, a number of relation- 
ships will be noted. All of the curves 
have the same general shape. The most 
frequent weld defects occur in the form of 
duds at the lower values of current, and 
cracks (or porosity), expulsion and exces- 
sive sheet separation at the higher values 
of current. When electrode tip contour 
and time to peak current are held con- 
stant, the effects of increasing electrode 
force are: 

1. To increase the value of peak cur- 
rent necessary for the production of welds 
of any given strength. 

2. To widen the range of current be- 
tween the dud region and the region of 
cracks (or porosity) and expulsion. Over 
this range of current sound welds can nor- 
mally be expected. 

3. To decrease the tendency for cracks 
to form in large, unexpelled welds. 

4. To increase’ the size and strength 
of the maximum sound welds obtainable. 

5. To increase the tendency for sheet 
separation to become excessive at the high 
end of the current range for sound welds. 

When the electrode force is too low, 
cracking may take place below the current 
at which exptilsion of metal occurs. When 
the electrode force is too high, excessive 
sheet separation is observed in otherwise 
sound welds made with currents below 
the cracking and expulsion limits. Ideally, 
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that electrode force is chosen for which 
cracking, expulsion and excessive sheet 
separation occur simultaneously at a par- 
ticular value of peak current. 

All other conditions being constant, the 
effects of increasing the time to peak cur- 
rent are: 


1. To decrease the value of peak cur- 
rent necessary for the production 
of welds of any given strength. 

To decrease the tendency for cracks 
to form in large, unexpelled 
welds. 

Up to a certain limiting time, to 


increase the size and strength oj 
the maximum sound welds ob. 
tainable. 


When the time to peak current is toc 
short, the welding current rises with ex. 
cessive rapidity, the heating effect is con. 
centrated, the nugget formed is small, and 
the maximum sound weld obtainable is 
relatively weak. Cracking and expulsion 
occur at low shear strength levels. 

It should be pointed out that the occur- 
rence of duds, cracks and expulsion is sub- 
ject to some variation. In any strength. 
current characteristic the range in current 
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over which sound, crack-free welds occur, 


cannot be absolutely located. At the 
center of the range the probability of get- 
ting sound welds is good. The probability 
of getting duds and cracked and/or ex- 
pelled welds increases at values of current 
near the ends of the range. If, when de- 
termining a strength-current characteris- 
tic, any one of the welds made at a given 
current setting was defective, that defect 
was noted when plotting the correspond- 
ing point on the graph. 


Welding Conditions for 0.040 and 0.064- 
In. Mg-3Al-1Zn Hard-Rolled Sheet 


The effect of varying electrode force on 
the strength-current characteristic of 
().040 in. AMC52S-H can be seen in Fig. 2. 


At 700 lb. cracking occurred below the 
expulsion limit. Sheet separation was 
excessive when 1000 Ib. was used. The 


recommended force is 900 Ib. 

Decreasing the time to peak current 
from 11 millisec. to 6 millisec. lowered 
the strength of the maximum sound weld 
obtainable by about 100 Ib. (Fig. 3). 
The steeper wave front caused cracking 
to occur below the expulsion limit. No 
marked advantage was found in using a 
time to peak current greater than 11 milli- 
sec. The recommended time is 11 milli- 
sec., achieved here by employing a turns 
ratio of 300:1, with a condenser capaci- 
tance of (00 microfarads. 

Figure 4 is the strength-current char- 
acteristic for 0.040 in. AMC52S-H using 
the recommended welding conditions. 
Figure 5 is the characteristic for the corre- 
sponding Dow Chemical Co. alloy, 0.040 
in. FSI-H, under the same conditions. 
An electrode force of 900 Ib. may be some- 
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what too great for the most satisfactory 
spotwelding of the Dow sheet. 

Figures 6 and 7 show the effect of vary- 
ing electrode force on the characteristic 
for 0.064 in. AMC52S-H. From the re- 
sults shown in these figures, 2400 Ib. would 
appear to be the best force. Using a ca- 
pacitance of 1800 mfds., the welding 
machine would not deliver sufficient cur- 


rent to produce expulsion at forces greater 
than 2400 Ib. In order to find the limiting 
force, a greater capacitance (2640 micro- 
farads) was used. With a time to peak 
current of 30 millisec., it is seen that the 
sheet separation became excessive at 3000 
Ib. (Fig. 7). But there was no apparent 
advantage in using a force of 2800 Ib. 
rather than one of 2400 Ib. ‘ 
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Figure 8 shows the effect of varying the 
time to peak current when the force is 
held at 2400 lb. A time of 21 millisec. 
was too short, but there was was little 
difference between the characteristics 
taken with times to peak current of 26 and 
30 millisec. The recommended time is 
26 millisec. which was obtained here by 
using the maximum 450:1 turns ratio with 
a condenser capacitance of 1800 micro- 
farads. 

Figures 9 and 10 are the strength-cur- 
rent characteristics for 0.064 in. AMC52S- 
H and 0.064 in. FS1-H, respectively, under 
these recommended welding conditions. 
The simultaneous cracking and excessive 
sheet separation of FS1-H sheet at cur- 
rent values below the expulsion limit indi- 
cate a situation in which forging force 
might be advantageously used. Any in- 
crease in electrode force using a constant 
force cycle would increase sheet separa- 
tion. Any decrease in force would increase 
the tendency toward cracking. Another 
possibility for improving the characteris- 
tic lies in lengthening the time to peak cur- 
rent, that is, in using a shallower wave 
form. 


Welding Conditions for 0.040 and 0.125- 
In. Mg-6Al-1Zn Hard-Rolled Sheet 


Using 3-in. R domes, 1100 Ib. is too high 
an electrode force for welding 0.040-in. 
Ji-H sheet, since excessive sheet separa- 
tion occurs below the expulsion limit (Fig. 
11). Forces from 800 to 1000 Ib. are sat- 
isfactory. Experience showed that the 
best results were achieved using 1000 lb. 
and a time to peak current of 10 millisec. 
This medium rate of current rise was ob- 
tained by employing a condenser capaci- 
tance of 600 microfarads with a turns ratio 
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acteristics for 0.040-in. J1-H and 0.040-in. 
AMC57S-H, respectively, under the rec- 
ommended conditions. 

The spot welding of 0.125 in. Mg- 
6Al-1Zn sheet with 10-in. R domes can 
be accomplished with the production of 
sound welds only at very high electrode 
forces (Fig. 14). At 3000 Ib., there is no 
range of sound welds between the current 
values that give dud welds and the current 
values that yield cracked welds. At 4000 


pointed out that investigations at higher 
forces, and at longer times to peak current 
than 29 or 30 millisec., could not be con 
ducted because of machine limitations 
It is probable that with higher forces and 
or a shallower wave form, a better chara: 
teristic could be obtained. A greater 
condenser capacity than the 2040 micro 
farads available with this machine 1: 
probably required for adequately spot 
welding magnesium alloy sheet in such 
thicknesses as 0.125 in. 


STRENGTH-CURRENT CHARACTERISTIC 
0.040" AMC57S-H, CHEMICALLY CLEANED 


TIPS = 3" R. DOMES 


ELECTRODE FORCE = i000 LBS. 
CAPACITANCE = 600 MFDS. 

TURNS RATIO = 300:1 

TIME TO PEAK CURRENT = |! MS. 


of 300:1. Figures 12 and 13 are the char- lb., such a range exists. It should be 
STRENGTH-CURRENT CHARACTERISTIC 
0.040" JI-H, CHEMICALLY CLEANED 
ELECTRODE TIPS = 3" R. DOMES ELECTRODE 
ELECTRODE FORCE = 1000 LBS. 
CAPAGITANCE = 600 MFDS. 
TURNS RATIO = 300:1 
TIME TO PEAK CURRENT = |! MS. 
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Figures 15 and 16 are the characteristics 
for 0.125-in. J1-H and 0.125-in. AMC57S- 
H sheet using the recommended welding 
conditions. Much lower strengths were 
obtained with the American Magnesium 
Corp. than with the Dow stock. The 
diameter and shape of the welds in these 
materials indicated insufficient capaci- 
tance and somewhat too steep wave form. 
Under these conditions slight variations in 
resistivity and surface contact resistance 
have an important effect on weld strength. 


Welding Conditions for 0.040 and 0.064- 
In. Mg-1.5Mn Annealed Sheet 


The spot welding of 0.040 in. AM3S-O 
is best performed with a force of 650 Ib. 
when using 3-in. R domes (Fig. 17). At 
500 Ib., the current range between dud 
welds and expelled welds was narrow. 


the force was increased to 800 Ib. The 
recommended time to peak current is 13 
millisec., obtained here by using 840 mi- 
crofarads of condenser capacitance with a 
turns ratio of 300:1. Figures 18 and 19 are 
the characteristics for 0.040-in. AM3S-O 
and the corresponding Dow Chemical Co. 
alloy, 0.040-in. M-A, under the recom- 
mended welding conditions. 

Considerable difficulty was experienced 
in obtaining sound welds in 0.064-in. 
Mg-1.5Mn sheet. The spot welding of 


this material in thicknesses greater than 
required a very shallow wave- 
form, thus a high condenser capacitance. 

to peak current for welding 
stock must be longer than 30 
millisec. and the capacitance greater than 
lower values of 


0.040 in 


The time 
() 064-in 


2640 microfarads. At 


EFFECT OF VARYING ELECTRODE FORCE 
ON 
STRENGTH-CURRENT CHARACTERISTIC 
0.125" Ji-H, CHEMICALLY CLEANED 
ELECTRODE TIPS=1i0" R. DOMES ELECTRODE FORCE (L8S)= 3000 4000 
CAPACITANCE = 2640 MFDS. 
TURNS RATIO = 450:/ 
TIME TO PEAK CURRENT « 29 MS. 
2800 
2400 
° 
z 
x (A) 3000 LBS. | (B) 4000 LBS. 
1600 7 
te / 
9 1200 
800 
400 
46 48 50 52 54 56 58 60 62 64 66 68 
PEAK CURRENT IN KILO-AMPERES 
Fig. 14 
either variable, erratic results are ob- 


tained. No value of peak current could 
be established for the reliable production of 
sound welds with the 2640 microfarads 
available. The dud and expulsion limits 
were very close together. At a single 
value of current, one weld might be a dud, 
the next might be expelled. Since the 
equipment at hand was inadequate for 


ELECTRODE TIPS =10" R. DOMES 
ELECTRODE FORCE * 4000 LBS. 
CAPACITANCE = 2640 MFDS. 
TURNS RATIO = 450:1 

TIME TO PEAK CURRENT = 29 MS 


STRENGTH-CURRENT CHARACTERISTIC 
0.125" Ji-H, CHEMICALLY CLEANED 


the welding of this stock, no strength- 
current characteristic is presented. 


Summary and Correlation of Welding 
Conditions 


In Table 1 are summarized the welding 
conditions which were found most satis 
factory for each composition, temper and 


2400 wit 
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gage of sheet studied in this phase of the ; 
investigation. In studying Table 1, the EFFECT OF VARYING ELECTRODE FORCE 4 
following facts should be remembered: ON 
é STRENGTH-CURRENT CHARACTERISTIC 
lL. 2 sound weld has been considered to 0.040" AM3S-0, CHEMICALLY CLEANED 1 
be one which is not a dud, and which does ey 1 we) si 
not suffer from the defects of expulsion, ELECTRODE TIPS=3"R. DOMES ELECTRODE FORCE (LBS) = 500 650 800 950 il 
cracking or porosity, or excessive sheet CAPACITANCE = 840 MFDS, 
separation. TURNS RATIO s 300:1 to 
2. The values given apply strictly only il 
to sheet which has been cleaned chemically 600 a ill 
to very low sheet-to-sheet resistances, | sh 
usually less than 20 microhms. 
500 
Analysis of the data presented in Table 
1 leads to the following conclusions: o (8B) 650 LBS. | 
1. The radius of the recommended 400 
dome tips varies with sheet thickness. Lo n 
2. The recommended electrode force Los me 
varies with the type of alloy, as well as 300 rh 
with sheet thickness. In order of increas- (A) SCC LBS. — (Cc) 800 LBS ext 
ing force required, the alloys are: (a) Mg- v4 a Lo < Th 
1.5Mn; (6) Mg-3Al-1Zn and (c) Mg 200 
6Al-1Zn. = “at obi 
3. With each magnesium alloy compo- (0) col 
sition and thickness sound welds can be 100 iter 
produced over a considerable range of “4 / cha 
current values when proper tip radius, Sf / ie) 
electrode force, capacitance and turns 0 36 32 34 36 36 40 42 44 46 465 50 lary 
ratio have been selected. 
4. In order of increasing current re- PEAK CURRENT 0 KILO-AMPERES 1Z1 
quired for the production of sound welds in Fig. 17 bh 
any given gage, the alloys are: (a) Mg- he 
6Al-1Zn; (b) Mg-3Al-1Zn and (c) Mg 
1.5Mn. : : (Appendix B). Likewise, the currents has both lower electrical resistivity and 
5. High capacitance and a shallow required increase in the order of decreasing higher thermal conductivity 
wave-form are necessary for the condenser- electrical resistivity and increasing ther- On comparing the conditions for con 
discharge spot welding of magnesium alloy mal conductivity (Appendix A). Con- denser-discharge spot welding magnesium 
sheet in thicknesses greater than 0.040 in. clusion 5 may be amplified by stating that alloy sheet with those for welding th 
With reference to the fact that the rec- with a machine having a maximum ca- aluminum sheet alloys, the following ob 
ommended electrode forces vary with the pacitance of 2640 microfarads and a maxi- servations can be made. Whereas, with 
type of alloy, it is interesting that the mum time to peak current of 30 millisec., the clad structural alloys of aluminum 
forces required increase in the same order small sound welds can be made in 0.125- e.g., Alclad 24S-T,— it is desirable to weld 
as the strength and hardness of the sheet Mg-6Al-1Zn stock, but not in the 0.064- at low pressure in order to avoid sheet ‘ 
in. thickness of Mg-1.5Mn sheet, which separation, and necessary to apply a forg 
re 
AM 
STRENGTH-CURRENT CHARACTERISTIC STRENGTH-CURRENT CHARACTERISTIC AM 
0.040" AM3S-0, CHEMICALLY CLEANED 0,040" M-A, CHEMICALLY CLEANED FS] 
ELECTRODE TIPS = 3” R. DOMES ELECTRODE TIPS = 3"R.DOMES 
ELECTRODE FORCE = 650 LBS. ELECTRODE FORCE = 650 LBS. AM( 
CAPACITANCE = 840 MFDS. CAPACITANCE = 840 MFOS. Lt 
TURNS RATIO 300:! TURNS RATIO= 300:! | 
TIME TO PEAK CURRENT = 13 MS. TIME TO PEAK CURRENT = !3 MS. 
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ing force of about two and one-half times 
the welding force in order to avoid crack- 
ing. only a single pressure of intermedi- 
te magnitude is required for the magne- 
sium alloys. For the strong Mg-—Al-Zn 
lovs, the required current is about the 
ne or slightly lower than that necessary 
to weld the clad high strength alloys of 
Juminum.’6 However, for the Mg-Mn 
Jloy, a higher current is required and a 
shallower wave-form is preferred. 


Shear Strength and Shear Strength 
Cnosistency 


Certain properties of the sound welds 
made using machine settings recom- 
mended in Table 1 are shown in Table 2. 
rhe column headings are self-explanatory 
except, perhaps, for ‘Limiting Factors.”’ 
These are the factors which limit the size 
ind strength of the maximum sound’ weld 
obtainable under any given set of welding 
conditions. They are the defects exhib- 
ited by the welds on the strength-current 
characteristic made at the value of current 
next greater than that which produced the 
largest sound weld. 

The sound welds obtainable in Mg-3Al 
iZn and Mg-6Al-1Zn sheet are consider 
ibly stronger than those in Mg-1.5Mn 
sheet. The following table was condensed 


from Table 2 by averaging the strengths 
of welds in corresponding sheet supplied 
by the two manufacturers. 


0.040 In. 


Alloy Temper Max. 
Mg-3Al-1Zn Hard-rolled 500 
Mg-6Al-1Zn Hard-rolled 460 

Annealed 330 


Mg-1.5Mn 


There is probably no practical signifi- 
cance to the 40 Ib. difference in strength 
reported between the maximum sound 
welds in 0.040-in. Mg-3Al-1Zn and Mg 
6Al-1Zn sheet. It is of interest to note 
that the shear strengths obtainable in 
Mg-Al-Zn hard-rolled sheet are less (100 
200 Ib. in the 0.040-in. gage) than those 
attained in the high-strength structural 
aluminum alloys.* In general, the maxi 
mum strength of sound welds in the same 
gages of magnesium and aluminum alloy 
sheet varies directly with the tensile 
strength of the sheet (Appendix B), quite 
as would be expected. 

The shear strength consistency which 
can be obtained in the spot welding of 
magnesium alloy sheet is excellent, except 
in the case of the low strength manganese 


52S-H, 
alloy. 


0.040-in. J1-H, and 0.040-in. 
Table 3 shows consistencies found 
when welding 0.040 and 0.064-in. AMC- 


Sound Weld Strength, Lb 


0.064 In 0.125 In 
Min. Max. Min. Max Min. 
340 1200 800 
310 F100 1900 
190 


AM3S-O stock. The recommended ma- 
chine settings were used, and values of cur- 
rent were chosen such as to produce welds 
having average shear strengths from 88 
98°, of the maximum strength obtainable. 
The poorer consistency among welds in 
Mg-1.5Mn sheet is associated with a 
marked tendency toward very rapid foul 
ing of electrode tips when welding this 
alloy. While the 25 welds of each con- 
sistency set in Al-Zn sheet were made 
without cleaning the tips, it was necessary 
to clean the tips twice in welding the set 
in AM3S-O stock to avoid sticking of the 
work to the electrodes 

Shear strength consistency is not mark- 
edly influenced by the size of weld being 
made, at least in Al—Zn hard-rolled sheet. 
The average strengths in the consistency 


Table 1—Recommended Machine Settings for Spot Welding Chemically Cleaned Magnesium Alloy Sheet 


Mg-3Al-1Zn, Hard Rolled, 0.040 and 0.064 In. 
Mg-6Al-1Zn, Hard Rolled, 0.040 and 0.125 In. 


Mg-1.5Mn,Annealed, 0.040 In. 


Taylor-Winfield Condenser-Discharge Welder (B) 


Dome Time to 
Alloy Tip Electrode Peak 
ind Gage, Radius, Force, Capacitance, Turns Current, 
Temper In. In. Lb. Mfds. Ratio Ms. 
AMC52S-H 0.040 3 900 600 300: 1 1] 
FS1-H 0.040 3 900 600 300: 1 10 
AMC52S-H 0.064 6 2400 1800 450: 1 26 
FS1-H 0.064 6 2400 1800 450: 1 25 
AMC57S-H 0.040 3 1000 600 300: 1 1] 
J1-H 0.040 3 1000 600 300: 1 10 
AMC57S-H 0.125 10 4000 2640 450: 1 30 
J1-H 0.125 10 4000 2640 450: 1 29 
AM3S-0 0.040 3 650 S40 300: 1 13 
M-A 0.040 3 650 840 300: 1 13 


Table 2—Properties of Sound W 


Mg-3Al-1Zn, Hard Rolled, 0.040 and 0.064 In. 
Mg-6AIl-1Zn, Hard Rolled, 0.040 and 0.064 In. 


Weld 
Alloy Strength, 
Gage, Lb. 
temper In. Max. Min. 
AMC52S-H 0.040 540 330 
poe H 0.040 470 360 
\MC52S-H 0.064 1410 740 
<i 0.064 1040 870 
0.040 460 260 
0.040 470 360 
0.125 1930 1630 
0.125 2290) 2200 
war 0.040 310 110 
= 0.040 360 280 
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Alloy Sheet 


Mg-1.5Mn, Annealed, 0.040 In. 


Taylor-Winfield Condenser-Discharge Welder (B) 


Peak Current 


Condenser Voltage for 
for Sound Welds, 
Sound Welds, Kilo-amps. Fig. 
Max. Min. Max. Min. No. 
2200 1700 36 28 4 
1800 1800 34 29 5 
2700 2100 58 46 9 
2400 2200 53 48 10 
1800 1500 28 24 13 
1700 1500 27 24 12 
2500 2400 65 H2 16 
2400 2300 62 59 15 
2100 L800 39 33 18 
2200 1900 39 34 19 


elds Made Using Recommended Machine Settings on Chemically Cleaned Magnesium 


Weld 
Diameter, Penetration, 

In. Fig. 
Max. Min. Max. Min. Limiting Factors No 
0.24 0.16 69 38 Expulsion, cracking, sheet separation 4 
0.23 0.17 58 42 Sheet separation 5 
0.37 0.27 67 36 Expulsion, cracking, sheet separation 9 
0.33 0.29 54 45 Cracking, sheet separation 10 
».21 0.15 50 35 Expulsion, sheet separation 13 
0.19 0.16 55 42 Expulsion, sheet separation 12 
0.356 nee 52 Expulsion, cracking 16 
0.32 0.23 56 53 Expulsion, cracking 15 
0.24 0.15 66 47 Expulsion, porosity, sheet separation 18 
0.24 0.18 66 Expulsion, porosity, sheet separation 19 
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determinations recorded in Table 4 vary 
from just above the minimum for sound 
welds to a value obtained with welds that 
-were expelled. The coefficient of varia- 
tion is not above 6.3% for any set. At 
current values below the minimum for 
sound welds, that is, when duds were being 
produced, greater inconsistency would be 
expected. 

Typical shear test fractures of welds 
in 0.040-in. stock are shown in Fig. 20. 
Welds A were in the dud region. The 
unsymmetrical outline of the bottom weld 
in this column is clearly visible. Welds B 
were small, sound welds. Failure was 
by shear across the weld nugget. Welds 
C and D were increasingly large but 
nevertheless sound. These failed prin- 
cipally by tearing the nugget out of the 


Table 3—Shear Strength Consistency of Large Sound Welds in Chemically 


Cleaned Magnesium Alloy Sheet 


Taylor-Winfield Condenser-Discharge Welder (B) 
Number of Specimens per Set = 25 


AMC52S-H AMC52S-H 
0.040 In. 
490 


Average shear strength, Ib. 

Average shear strength (°) of maximum 
sound weld strength using recom- 
mended settings—Table 4) 

Maximum value, lb. 

Minimum value, Ib. 

Range of values, Ib. 

Standard deviation, Ib. 

Coefficient of variation, © 


not reduce the static shear strength, but 


9 


550 


43 
12 


Ji-H 
0.040 In. 
458 


AM3S.0 
0.040 In 


979 


0.064 In. 
1267 


1 98 
520 
0 400 
0 120 


27 30 


5.5 6.5 


strips made at the different points on , 


sheet. Welds E were all expelled. does lower the sheet efficiency, and for strength-current characteristic for ().(4) 
While large, sound welds in thin gage some types of loading, the fatigue strength. in. AMC52S-H, J1-H and M-A alloys 
stock generally fracture by ductile tearing On the other hand, spot welds in mag- It was readily possible to detect cracking 
of the sheet, in thicker gages the weld nesium alloy sheet are not likely to be porosity and expulsion, but was impossible 
nugget is always sheared. cracked unless the welding force is much to distinguish a dud from a small soun 
too low or there is expulsion of metal be- weld in these radiographs. Beside 
Weld Diameter and Penetration tween the sheets. This difference be- cracks or porosity and expulsion, the only 
tween Alclad 24S-T and the magnesium obvious feature was the dark ring around 
The following table is condensed from alloys can perhaps be attributed to the each spot. This ring was diffuse around a 
Tables | and 2 by averaging the values for relative softness of the latter (see Appendix small weld but became sharply define 
welds in corresponding sheet supplied by B). Whatever cracks tend to form are as the weld developed larger size. Wit! 
the two manufacturers. effectively forged out by the constant force J1-H sheet, a dark line formed the inner 
From this table, it is seen that the diame- applied through the welding head, which boundary of the ring. These rings are re- 
gions of greater optical density, Their 
= = presence is interpreted to mean that ther 
Dome Weld Weld is a segregation of certain denser constitu 
Pa Diameter, Penetration, ents at the periphery of the nugget whil 
adius, veld ta het atin 
Gage, In. Alloy Temper Min. Max. Min. nate. 
0.040 Mg-3Al-1Zn Hard rolled 2 16 69 38 tion of a spot weld in 0.040-in. Mg-6Al 
0.040 Mg-6Al-1Zn Hard rolled 15 53 38 
0.040 Mg-1.5Mn Annealed a 16 66 47 eet. constituc 
0.064 Mg-3Al-1Zn _ Hard rolled 35 0.28 60 visible in the parent sheet has been 
0.125 Mg-6Al-1Zn Hard rolled ; 23 54 solved to form a very marked white heat 
affected zone. Both Figs. 21 and 22, whic! 
show the structure around the end of t! 
ter of sound welds in 0.040-in. sheet may is especially designed for quick follow-up. weld at higher magnification, demo 
vary from 0.15 in. up to 0.24 in., and that The harder aluminum alloy requires an strate that there is segregation at the p 
the penetration may vary from 35 to 75%, additional forging force. riphery of the weld nugget. Although t! 
when 3-in. R dome welding tips are used. Expulsion is accompanied by cracking internal structure of the fused zone 
Welds having these dimensions are well- in spot welds made in 0.040-in. Mg-3Al- spot welds in Mg-6Al-1Zn sheet 1s 10! 
proportioned in relation to the thickness of 1Zn sheet and by porosity in 0.040-in. clear in the photomicrographs, visu 
the sheet. A close estimate of weld Mg-1.5Mn stock. The voids left by the microscopic examination showed it to 
strength in any given composition and expelled metal seem to be forged out of composed principally of equiaxed grat 
temper sheet can be made from the diame- 0.040-in. Mg-6Al-1Zn spot welds. Ex- The thermal diffusivity of this alloy, whic 
ter as measured with a pair of dividers on pelled welds in the thin gage of this mate- is less than that of either the Mg-3A 
an etched rough section. rial are almost invariably sound internally. 1Zn or Mg—-1.5Mn material (Appendix A 
The diameters and penetrations shown An expelled weld in stock thicker than would indicate a relatively slower cools 
by welds in the 0.064-in. stock are reason- 0.040 in. is visibly cracked no matter rate. This alloy has also a relatively wie 
able working figures. The diameters for what the alloy. solidification range. Under these cond 
welds in 0.125-in. sheet are, however, tions, the formation of an equiaxed str 
smaller than might be expected under the Radiographs, Photomicrographs and Weld ture is favored. 
best welding conditions. The penetra- Metal Structure Sections of welds in 0.040-in. Mg 3a 
tion of the weld nugget into the compo- Radiographs were taken of 4-weld 1Zn sheet are shown in Figs. 23 ane -* 
nent sheets is sometimes found to be dis- 
tinctly unequal. This phenomenon is 
most frequently observed with welds made Table 4—Relation Between Size of Weld and Shear Strength Consistency 0.08 
in Mg-1.5Mn sheet. It is probably asso- In. AMC52S-H, Chemically Cleaned 
ciated with the polarity or current-direc- Taylor-Winfield Condenser-Discharge Welder (B) 
tional effect which is an important consid - of ber 
Maximum Sound Weld Strength Using Recommended Settings (Table 2) = = tb 
pee! Minimum Sound Weld Strength Using Recommended Settings (Table 
tive electrode. 
1 3 
Cracking and Porosity Average shear strength, Ib. 360 5 )4 iY 
Maximum value, Ib. 380 580 ~“, 
Spot welds made in the aluminum alloy Minimum value, Ib. 340 450 “sg 
Alclad 24S-T, are very likely to contain, Range of values, lb. 40 130 > 
fine internal cracks when made with con- Standard deviation, lb. 12 ‘ . ; 
stant electrode force. This is particularly Coefficient of variation, Ib. 3.2 ; ot 
true with sheet in thicknesses greater than All the welds in this set were expelled. 
0.040 in. The presence of cracks may ee 
1947 
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Fig. 20-—Typical Shear Fractures of Spot Welds from Strength-Current Characteristic 
in 0.040 In. Magnesium-Alloy Sheet 


Welds A included one “dud.” 
‘te heat Welds B, C, and D were sound, and of increasing size. 
whicl Welds were expelled. 
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Fig. 22—Structure Around End of Spot Weld in 0.040-In. J1-H Sheet 
: Acetic acid etch. Magnification = 100 x. 
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Spot Weld in 0.040 In. J1-H Sheet 


Acetic acid etch. Magnification= 15 x. 


Fig. 21 


Fig. 23—-Sound Spot Weld in 0.040-In. AMC52S-H Sheet 


IS X. 


Magnification 


Nickel nitrate etch. 
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Fig. 24—-Spot Weld Containing Internal Cracks in 0.040 In. AMC52S-H Sheet 
= 15 xX. 


Nickel nitrate etch. Magnification 


Fig. 25—-Spot Weld in 0.040-In. AM3S-O Sheet 


Acetic acid etch. Magnification 


Fig. 26—Cast Structure within Nugget of Spot Weld in 0.040 In. AM3S-O Sheet 


Photomicrograph showing edge of sheet, edge of fused zone, dendritic columnar and 


equiaxed structure within fused zone. 
Acetic acid etch. «Magnification = 


15 X. 


Fig. 27—-Sound Spot Weld in 0.040-In. AM3S-H Sheet 


Acetic acid etch. Magnification 


15 X. 
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In this sheet the fused zone consists of a 
core of fine equiaxed grains surrounded by 
a shell which is columnar in structure 
This might be expected in view of the 
thermal diffusivity, which is greater than 
that of the Mg-6Al-1Zn alloy. The den- 
dritic columnar structure is typical of 
rapid cooling. The weld in Fig. 24 con- 
tains an internal crack. Such defects can 
easily pass unobserved in a microsection 
but are readily exposed by X-ray radiog- 
raphy. 

Figures 25-28 illustrate the cast struc- 
ture of welds in 0.040-in. Mg—1.5Mn sheet 
This alloy has a high thermal diffusivity 
and a very narrow melting range (Appen- 
dix A). It will be noted that the weld in 
Fig. 25 does not penetrate the two compo 
nent sheets equally. Such a condition is 
frequently observed when welding this 
alloy. Figure 26 shows the cast structure, 
and the abrupt transition from dendritic 
columnar to equiaxed grains, at a magnifi- 
cation of 100 X. Figure 27 pictures a 
large sound weld in AM3S-H sheet. The 
line of joining of the grains is not a plan 
of weakness, since such welds as this fail 
under shear loads by tearing the nugget 
out of the sheet. Figure 28 shows a weld 
in AM3S-H sheet from which metal had 
been expelled between the sheets and 
around the welding electrode. The poros 
ity of this weld and its 100° penetration 
into the lower sheet may be noted. 

Since no photomicrographs of welds in 
sheet thicker than 0.040 in. are presented, 
it should be stated that these reveal no 
characteristics which are not demonstrated 
in the pictures here shown. 


Conclusion 


The arts of spot-welding magnesium and 
aluminum alloy sheet are very simula! 
Both types of sheet require careful pre 
weld cleaning, preferably chemical. 1! 
criterion for satisfactory preparatio! 
a bright surface having low, consist 
contact resistance. The compositions 0! 
the recommended cleaning solutions 2m 
of course completely different 

Equipment suitable for aluminum 
loys may, in general, be used for spot 
welding magnesium. Means for apply 
an increased electrode force (‘forging 
pressure’) while the weld cools 1s appa! 
ently not required with magnesium sheet 
An unusually high current is needed ' 
weld the low-resistance Mg-1.5 Mn alloy 

Condenser-discharge machine settims> 
for spot welding the various compositio™ 
of magnesium sheet (summarized 
Table 1) vary in a predictable fashion ™! 
the physical and mechanical proper” 
of the sheet. They likewise differ 'ro" 


rh-ctren 
settings for welding the high-strenb™ 


aluminum alloys only in th expects’ 
manner. These facts are presented 1 
panded form under the heading, © 
mary and Correlation of Welding £°" 
tions,”’ in the body of the pap’ 
The properties of sound welds ™ on 
ing machine settings recommence™ 
Table 1 are shown in Table 2. In gene’ 
the maximum shear strengths of 5 
welds obtainable in the same og! h et 
magnesium and aluminum wn eae 
vary directly with the tensile streng ste 
the sheet, quite as would be expe 
MAY 
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rhe shear strength consistency which can 
be achieved in the spot welding of chemi- 
cally cleaned magnesium sheet is excellent, 
and is comparable with the best achieved 
in the spot welding of aluminum alloys. 

Spot welds in magnesium sheet are not 
susceptible to cracking when sound in 
other respects. This is contrary to experi- 
ence with the hard high-strength alumi- 
num alloys, e.g., Alclad 24S-T. In these, 
condenser discharge spot welds are likely 
\o be cracked unless forging is used. 

Fouling of the electrode tips is a serious 
roblem in spot-welding magnesium, par- 
ucularly with the soft Mg-1.5Mn alloy. 
Proper preweld preparation of the sheet 
vital in combatting this difficulty. 
Chemically prepared surfaces are greatly 
superior to those cleaned mechanically 
CB, by wire brushing) in maintaining 
‘ow rates of electrode fouling. For this 
iid other reasons, chemical surface treat- 
nent of the sheet in preparation for weld 
‘Ng Is recommended and was used to ob- 

tain the results reported. 


Recently Published Information 


ae completion of the work in 
R.P.I. Welding Laboratory, several 
“pers On the spot welding of magnesium 
rey have appeared. Of those examined, 

it by Dorcas and Simpson” adds to in- 
‘ormation contained in this report on 
itions and general spot weld 
to particularly with respect 
sheet in thicknesses from 

9.125 in. 
Tylecote!® has reviewed the available 


lit 
Pe. on the spot welding of magne- 
'm to the end of 1945. 
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Alloy 
Alclad 24S-T 


Mg-1.5Mn 
Mg-3Al-1Zn 
Mg-6Al-1Zn 


Alloy 
Alclad 24S-T 


APPENDIX A 


Typical Physical Properties Expected to Influence Spot Welding Characteristics 
24S-T and the Magnesium Sheet Alloys *: *: * 


Electrical Conductivity 


Solidification 

Density Range, 
Cgs. Units 
2.79-core 935-1210-core 
2.71-cladding 
1.76 1184-1202 
725-1170 
1.80 725-1130 

Thermal 

Specific Conductivity Thermal 


Heat, 100-300° C. 


Diffusivity, 


Cgs. Units 
0.41-core 
0.41-cladding 


Cgs. Units 
0. 28-core 
0). 53-cladding 


Cgs. Units 
0). 24-core 
0. 48-cladding 


(©), of International 
Annealed 

Copper Standards 
30-core 

58-cladding 

34.5 


13.0 


Coefficient 
of Thermal 
Expansion 
65-750° F. 
(per ° F. 
0. 0000138-core 
0.0000144-cladding 


SPOTWELDING MAGNESIUM ALLOYS 


(100° C.) (68-572° F.) 
Mg-1.5Mn 0.27 0.30 0.63 0.000016 
Mg-3Al-1Zn 0.27 0.23 0.47 0.000016 
Mg-6Al-1Zn 0.27 0.19 0.39 0.000016 


APPENDIX B 


Typical Mechanical Properties Expected to Influence Spot Welding Characteristics of 
Alclad 24S-T and the Magnesium Sheet Alloys” * ‘ 


Yield Ultimate 
Strength, Tensile Hardness, 
0.2% Deviation, Strength, Elongation, Vickers 
Alloy Temper Psi. Psi. © in 2 In H.N. 
Alclad 24S-T (Hard) 43,000 64,000 18 145-core 
3. 3-cladding 
Mg-1.5Mn Annealed 16,500 32,000 15.5 48 
Hard rolled 27,000 36,500 9.0 5S 
Mg-3Al-1Zn Annealed 25,000 38,000 18.0 60 
Hard rolled 34,000 46,009 10.0 g0 
Mg-6Al-1Zn Annealed 25,000 42,000 13 
Hard rolled 35,000 47,500 4.3 84 


APPENDIX C 
Data on Spotwelding Equipment 


Welder A 

Federal Machine and Welder Co. 
P2-30-RA 
8707 43166-A 
S prim ary coils, each 48 turns; 150-300-450 
2 primary coils, each 55 turns 
Maximum electrode force 2500 Ib. 4000 Ib 
Provision for forging Yes Yes 
Approximate secondary 

dimensions 
Secondary current flow 


Welder B 
Taylor-Winfield Corp 
HWRD3-115 


Manufacturer 

Type and style 

Serial number 
Transformer turns ratio 


36 x 111/¢ in. 
Unidirectional 
Control A 
Raytheon Manufacturing Co. 
W1991-W3351 (modified for ex- 
perimental purposes) 


36 x 11'/» in. 
Reversing 

Control B 
Taylor-Winfield Corp 
H-115 


Manufacturer 
Type and style 


Serial number B1401 HWH-4319 
Maximum condenser capacity 1800 microfarads 2640 microfarads 
Maximum voltage 3000 v 3000 v. 

References 3. ‘“‘Dowmetal Magnesium Alloys,’’ Dow 
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‘Alcoa Aluminum and Its Alloys 
Aluminum Company of America 1943 Data Book 
5 ‘The Spot Welding of Magnesium Al 
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ment, 170-s-190-s (1947). Welding Sub-committee of the Aircraft Welding 
2. “‘Mazlo Magnesium Alloys,’’ American Research Committee of the Engineering Founda 
Magnesium Corp. 1943 Data Book. tion, August 1943. 
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Introduction 


RC welding, using an inert gas to shield the arc 
is an old process whose potentialities have re- 
cently been recognized. It was brought into 

prominence during the war by its successful application 
for welding magnesium. The applications of the inert 
gas shielded arc welding process have since been ex- 
tended and developed for welding many other metals and 
alloys. The process is particularly adapted to welding 
closed square butt joints in sheet metal thickness and 
produces smooth neat welds at high rates of speed. One 
very desirable characteristic of the process is that no 
flux is required for welding. 

This paper is the report of an investigation under- 
taken to determine how to apply the process for welding 
of stainless steel and other metals. The object of the 
investigation was first to determine the essential vari- 
ables affecting the inert gas shielded arc welding process 
and then to determine the control of these variables 
necessary for automatic welding. Specific objectives 
were: to determine the design basis for the necessary 
apparatus; to determine the fundamental welding 
characteristics and the limits of application of the process 
particularly for welding stainless steel; and to compare 
helium and argon for use as the shielding gas. The 
coverage of this report is limited to the field of use of the 
direct-current straight-polarity method of welding. 


Definitions 


The inert gas shielded arc welding process is a method 
of fusion welding where the source of the heat is an elec- 
tric arc between a nonconsuming electrode and the ma- 
terial being welded, and where the electrode and fused 
area of the work are shrouded by a low velocity flow of 
an inert gas. The term automatic welding as used in 
this paper involves controlling the welding operation 
without manual manipulation. Automatic welding, 
therefore, requires controlled heat input to a joint to 
effect a uniform amount of fusion. In this case, since 
the electrode is nonconsuming and does not change in 

* Presented at Twenty-Seventh Annual Meeting, A.W.S., Atlantic City, 


N. J., week of Nov. 17, 1946. 
t+ Apparatus Research Dept., Air Reduction Sales Co. 
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length, it is a relatively simple matter to arrange me- 
chanical fixtures to obtain a relative movement at a uni 
form rate between the electrode and the work and with 
a fixed distance between the electrode and the work 
Such an arrangement has the essential features of aut 

matic welding. If the are length is controlled aut 

matically by a machine so that the electrode followed 
the profile of the joint the process is still automat 
welding. By either method of are control the process is 
automatic, but as far as equipment nomenclature dis- 
tinction is concerned, the preset mechanical control 
could be called semiautomatic and the arc length control 
machine fully automatic equipment. 


Materials and Equipment 


The expendable items essential to the process ar 
shielding gas and electrodes. Filler metal may or ma) 
not be used depending on the thickness of the mater. 
and the type of joint being welded. Helium and argon 
are the only inert monatomic gases suitable for a 
shielding which are available in economically feast)! 
quantities. Tungsten has been found to be the mos 
suitable material for electrodes for all automatic a0 
most manual application. Tungsten has the best col 
bination of physical properties, such as high meltits 
and boiling points, good heat and electrical conductivt! 
and satisfactory mechanical strength. Even tungst* 
electrodes must be classed as expendable because there 
some deterioration with continued use. Any comtatr 
ination of the electrode with the base material must 
removed, and there are always accidental losses. 

The equipment or permanent facilities essential 
inert gas-shielded arc welding are relatively simple, ™ 
automatic control equipment and fixtures for high spec 
production can be very elaborate. A closely comt’™ 
lable source of welding power and a welding circutt “* 
essential. An electrode holder with a gas shield | 
nozzle to direct the flow of shielding gas around the 
trode and the work is necessary. A flowmeter lor meas 
uring the flow of gas is very desirable from 40 7 
tional as well as an economic standpoint. Welding , 
be performed manually without fixtures but autom™ 
welding applications require good fixtures. 
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Methods of Operation 


The inert gas shielded arc process may be broken down 
into three divisions or methods dependent on the source 
of welding current, each of which has distinctive charac- 
teristics. These divisions are straight polarity direct 
current, reverse polarity direct current, and alternating 
current. Aluminum and magnesium can be welded 
onlv by the latter two methods because they require 
electron emission from the molten pool in order to break 
up their inherent surface oxide films, i.e., current must 
flow with the electrode positive. Other materials, such 
as stainless steel, low-carbon steel, copper and copper 
alloys and nickel and nickel alloys, can be welded with 
straight polarity d.c. The two d.-c. methods have in- 
herently stable arcs when an ordinary welding generator 
is used for the source of power. The current carrying 


| 


INSULATION 


TUNGSTEN 
ELECTRODE 


Fig. 1—-Electrode Holder 


capacity for a given electrode size, however, is about 
five times greater when straight polarity is employed. 
Alternating current operation requires special provisions 
lor starting and maintaining the arc. One method that 
has been used to maintain the are with alternating cur- 
rent is to use a high open circuit voltage welding trans- 
lormer. Another is to superimpose a high voltage, high 
lrequency current in the welding circuit, in which case a 
Standard type welding transformer is used for power. 
lhe current carrying capacity of the electrode is some- 
What less with a. c. than with straight polarity d. c. 
The scope of this paper is limited to the straight polarity 
‘¢. method controlled by preset mechanical means. 


Test Apparatus 


wae any experimental work could be undertaken it 
hecessary to design apparatus for experimental 
i The requirements of electrode holders and gas 
cienicies er worked out from the observation of the de- 
lanl of various pilot models. Water cooling was 
‘ssential for continuous operating at welding cur- 
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Fig. 2—-Lathe Arrangement for Maintaining the Arc for Long 
Peri 


rents over about 100 amp. The requirements for a good 
design of electrode holder and gas nozzle are as follows: 
Electrode holder should: 


1. Be easy to adjust, to replace and to change size of 
electrode and still grip the electrode firmly. 

2. Provide good electrical contact to the electrode 
as close to the arc as practical. 

3. Dissipate the heat from the electrode without 
overheating. 

4. Hold the electrode concentric with the gas nozzle. 

5. Have a form adaptable for mounting on fixtures. 


Gas nozzle should: 


1. Provide for a smooth uniform gas flow at the ori- 
fice. 


Fig. 3—Arrangement for Welding Beads on a Flat Plate 
Showing Control Panel, Electrode Holder with Support Stand 
and the Travel Carriage 
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design, although crude in appearance, was satisfactory 
for experimental purposes and most of the tests covered 
in this report were made with this electrode holder. 

Three arrangements for mechanically controlled auto. 
matic welding were used in this investigation, all based 
on the principle of setting the electrode holder in a fixed 
position and traversing the work under the holder at a 
constant distance from the end of the electrode. Tests 
to measure electrode consumption or burn off required 
the maintenance of the are for relatively long periods 
of time. This was accomplished by using a lathe, as 
shown in Fig. 2. Here the electrode holder is supported 
by a rack arrangement rigidly fastened to the tool post Ie 
of the lathe. The scale on the rack indicates are length 4 
which can be adjusted by a screw bearing of the lever 


Fig. 4—-Photograph of the Gas-Shielded Arc Showing the od | 
End of the Tungsten Electrode and the Molten Pool piree 
2. Be electrically insulated from the electrode po- 4 | ih 
tential. 
3. Be easily replaceable. 
5. Be small in size to get into confined places. s — 
6. Direct the flow of gas over the molten pool and = * ‘fF 1 ie 
solidified metal until it has cooled sufficiently 2 | 
so that the metal will not oxidize from contact ae |__——e-— HELIUM 4 
—-o— — ARGON 
with the air. | te 
The electrode holder and gas nozzle operate as one 
unit and will be referred to in general as the electrode 
he Ider ARC LENGTH - INCHES 
The electrode holder design developed for experimen- Fig. 6—Relation Between Arc Length and Arc Voltage for 
tal purposes is shown in Fig. 1. The essential features Straight Polarity 
of the holder are a water cooled copper electrode contact 
and an insulated water cooled metallic gas nozzle. This ELECTRODE 
| 
poo 
} 
4 
| | 
| — —o— — ARGON 
| 
Current 150 250 Par 
Helium 


Fig. 7—Relation Between Arc Length and Arc Voltage ‘0 
Straight Polarity 


arm carrying the scale points. This lever is also usec 
for bringing the electrode in contact with the work I” 
starting the arc. The work consists of a low-carbon ste" 
tube which is rotated by the lathe chuck. <A stream" 
water running through the tube prevents it from «Vv 
heating. With the lathe carriage running, the arc ™ ikes 
a spiral bead around the tube and the are can be mal 
tained for 30 min. without interruption. 

Another phase of the investigation required the “i 
ning of “beads” on a flat plate. This was done using '"* 
same electrode holder assembly and carrying thie plates 
under the electrode on a travel carriage, as show? " 
Fig. 3. This photograph also shows the control pane 


run- 


. current, 
Current 150 250 and instruments used for measuring welding arto 
Argon voltage and gas flows. The third arrangeme'' the 
Fig. 5—Ends of '/; Tungsten Electrodes Showing Results of simply of mounting a sheet metal welding |! 


20 Min. of Continuous Arc at the Indicated Welding Currents travel carriage.. 
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Basic Arc Studies 


The are between a tungsten electrode and steel in an 
inert gas atmosphere is characterized principally by its 
smoothness. The temperature of the end of the tung- 
sten electrode reaches its melting point, 6100° F., and 
the tip is very bright—much brighter than the arc flame. 
The are flame is transparent having a faint blue color 
in a helium atmosphere and is almost white in argon. In 


the base material the heat of the are produces a tear drop 


shaped convex molten pool with a smooth mirror like 
surface. A photograph of the are on a mild steel plate 
is shown in Fig. 4. The field of view of this photograph 
is very limited so that the electrode holder is not dis- 
cernible, but it screens all except the end of the electrode 
which shows as the large upper white spot. The lower 
spot is the reflection of the electrode in the molten pool, 
which is fairly well outlined in the picture. A trace of 
the are flame is barely visible. Directly under the elec- 
trode is a characteristic bright spot of the are on the 
molten pool. This bright spot trails behind the elec- 
trode at higher travel speeds. The are shown is using 

-in. electrode at 200 amp., '/:»-in. are length and travel- 
ling about 15 in. per min. 


Electrode Current Capacity . 


In using the inert gas shielded arc process to develop 
welding procedures, it is first necessary to determine the 
current limitations of the tungsten electrodes, electrode 
consumption, gas flows and something about the heat 
distribution in the are. The electrode current carrying 
capacity was investigated by fusing a bead on a low- 
carbon steel tube roated in a lathe. The tube was re- 
volved with a surface speed of 20 in. per min. and a 
smooth bead was fused on the base metal up to a current 
of about 375 amp. above which the beads had a lumpy 
appearance. It was observed that as the current was 
increased the temperature of the end of the electrode 
increased, as indicated by the amount of fused metal at 
the end of the tungsten electrode. The end of a fused 
electrode takes the form of a ball which increases in size 
with welding current. There is a tendency for the ball 
it the end of ' y-in. electrodes to grow in diameter and 
draw up appreciably which shortens the electrode and 
intakes the are longer than set. Larger electrodes have 
less tendency to “‘ball up,’ but as the current is in- 
creased the end of the electrode takes the form of a point. 
At this stage some of the tungsten is transferred across 
the are which becomes unstable. This electrode break- 
(down point is reached at a fairly definite current value if 
other conditions are fixed. The maximum current carry- 
ing capacity of the electrode depends primarily on the 
kind of shielding gas, its rate of flow and the design of 
the electrode holder. The maxitnum usable currents 
or normal welding conditions and gas flows for the 
holder shown in Fig. 1 are as follows: 


Max. Welding Current, Amp. 


Tungsten (D.-C. Elect. Neg.) 

Diam., In Helium Argon 
225 275 
275 350 


. Other electrode holders which grip the electrode closer 
to the are would permit the use of somewhat higher weld- 
ing currents. 
Gas Flow Factors 

The selection of the optimum gas flow for inert gas 
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shielded arc welding is important from an economical as 
well as an operational standpoint, but it is also very diffi- 
cult because it depends on so many variables. The pri- 
mary purpose of gas shielding is to protect the electrode 
and the work from oxidation by the atmosphere. When 
the electrode is protected, the arc is smooth and steady 
and sufficient gas flow for this protection is essential to 
the process. Even with sufficient gas flow to shield 
the electrode fully, however, the protection given the 
work is sometimes not complete. This is evidenced by 
the fact that the work remains hot enough to form a 
surface oxide after the gas shield has passed over. The 
protection of the work also involves weld appearance 
and surface quality which were not investigated. In- 
complete gas shielding of the electrode results in a violent 
sputtering of the arc and streamers of white oxidized 
tungsten particles projected outward from the electrode. 
High gas flows tend to blow the are and cause under- 
cutting and wavy beads. However, there seems to be 
quite a range of gas flow between the minimum effective 
flow and that which is objectionable. 

Of fundamental concern is the minimum effective 
flow necessary to protect the electrode and insure a 
smooth are. The factors affecting the minimum flow 
of shielding gas are: 


|. Distance of gas nozzle orifice from the work. 
2. Design of electrode holder and gas nozzle. 

3. Drafts or air currents. 

4. Shielding gas used. 

5. Size of electrode and welding current. 


The first three factors listed are apparent from the fact 
that the gas flows are low velocity, somewhere in the 
nature of 10 ft. per sec., at the orifice of the nozzle. 
These flows can be apprehended by the sense of touch and 
feel like a light draft. It is necessary for the column of 
gas from the nozzle orifice to have sufficient velocity to 
reach the work before diffusing with the air. Helium be- 
ing a lighter gas than air requires a somewhat higher ve- 
locity than argon to achieve this effect. 

The minimum flow in a still atmosphere at which the 
are is completely shielded, was found to be 6 cu. ft. per hr. 
for helium and 4 cu. ft. per hr. for argon. The test con- 
ditions were set up with the nozzle orifice */i5 in. from 
the work and the orifice size '/ ,1n. larger in diameter than 
the tungsten electrodes used. The electrode sizes 
ranged between */3 and '/, in. and the welding currents 
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Fig. 8—Samples of Etched Sections of Bead Tests 
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from 100 to 400 amp. These flows are much too low for 
average welding conditions but they represent a compara- 
tive minimum between the two shielding gases. It is 
not inherently necessary to increase the gas flow with 
the welding current, but it is desirable to use more gas 
for higher current to give better protection of the larger 
molten pool. 


Electrode Burn-off and Deformation 


A study of the effect of holding an arc for a relatively 
long period of time on the tungsten electrodes was made. 
The are was maintained for runs of 20 min. on a rotating 
low-carbon steel tube. The electrode holder shown in 
Fig. 1 was used with */,. in. of electrode projecting be- 
yond the nozzle and '/,.in are length. The variables in- 
vestigated were welding current and kind and amount of 
gas. The ends of the electrode were square when the 
arc was started and length of the electrode was measured 
before and aftereach run. A total of 24 tests were made 
and in no case was there any burn off or loss in length of 
the electrode except in the case of !/)-in. electrodes which 
“balled up’’ somewhat. In most cases the electrode 
lengthened about '/3: in. on the average. This was be- 
cause the end of the electrode took a spherical shape. 
The principal value of these tests is that they showed the 
best current range for each electrode size, both to main- 
tain a smooth are and a straight bead and to maintain 
constant shape of the end of the electrode. 

With helium, low current values for a given electrode 
size cause an erosion or gradual flow of metal from the 


condition was eliminated by increasing the welding cur- 
rent so that the end of the electrode could be observed 
to be molten before this erosion has had time to progress. 
When the end of the electrode is molten there is no ero- 
sion tendency and the electrode maintains a uniform 
spherical end. A photograph illustrating these condi- 
tions is shown in Fig. 5. 

When argon is used with low current values, a small 
molten globule tends to form on one side of the electrode. 
This globule tends to travel around the end of the elec- 
trode making a crooked bead. Occasionally the globule 
drops off and another is quickly formed. When the 
current is increased until the end of the electrode be- 
comes molten, it maintains a constant spherical shape. 
These effects are also illustrated in Fig. 5. The bright 
shiny ends of the electrodes represent the molten area 
during welding. 


Recommended Welding Currents 


The deformation of the ends of tungsten electrodes 
and the tendency of the arc to wander determine the 
minimum welding current for a given electrode size. 
The maximum welding currents are limited by the tend 
ency of the electrode to ‘‘ball up,’’ the molten end of the 
electrode to quiver, and the breakdown and transfer of 
tungsteninthe arc. The following are the recommended 
current ranges for tungsten electrodes for automatic 
straight polarity welding: 
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Higher current densities than those recommended 


produces a higher voltage. Increasing the welding cur- 


could probably be used with a better design of electrode rent lowers the arc voltage up to welding current of about 
holder than that used for these tests if any advantage was 250amp. It was thought that these discrepancies might 
found in the use of higher current densities. be due to the 1.8% impurities in commercial helium. 
: In actual welding operations more electrode will be When 99.99% pure helium was used, the voltage was 
used up accidentally than in the welding itself. Some _ still affected by the welding current and gas flows. The 
electrode material is lost in touch starting, some is lost tests to determine the arc length voltage relation were 
1 when the electrodes touch the work during welding, and made with the rotating cylinder arrangement and the are 
| if the electrode becomes contaminated by the base ma- length was varied without breaking the are. The arc 
terial it must be ground off. There is, also, some slight length was taken as the distance from the end of the 
. loss of weight of the electrode due to evaporation of the electrode to the work. The true arc length is the length 
e hot metal. of the are column from the end of the electrode to the 
bright spot of the arc on the base metal. This spot trails 
Arc Voltage Factors behind the electrode somewhat, but it does not travel 
t The are voltage—are length relation is an important steadily and causes a varying are length and results in a 
P factor in the design of an automatic machine to maintain slightly fluctuating are voltage. At very short arc 
a constant are length. Arc voltage is also an important lengths this bright spot sometimes moves directly under 
measure of the amount of power or heat in the arc. In _ the electrode resulting in an abrupt voltage drop of 
approximately two or three volts. 
| 4 | This is an unstable condition 
" | | T and is not desirable because the 
in | energy input is radically changed. 
| | | If this condition is encountered 
a longer arc length should be 
if bate ‘die | used. A few check tests using 
d : ae tom! | a stainless steel tube showed no 
ic | | BE | marked = differences of voltage 
\ | | from that obtained on the low- 
| \ | | | carbon steel cylinder. 
| | | Distribution of the Arc Energy 
5 | N It is important to consider the 
‘9, distribution of the heat of the arc 
- to determine how much of the 
| | for welding and how much must 
z 33% | _ be dissipated from the electrode 
| holder. Heat from an arc is 
| characterized by having a very 
concentrated source at a very 
| high temperature. This is desir- 
4 able from a welding standpoint in 
order to get a maximum amount 
of fusion with a minimum amount 
) Fig. 11—Effect of Travel Speed on the Thermal Welding Efficiency for Stainless Steel of heat input. A few pilot tests 
automatic welding of stain- 
less steel an are length of 
, in. is a good average value. \ | | | 
rhe desirable operating range vN | 
ol are length is rather limited, x | 
and should be maintained | 
within plus or minus !/¢4 in. | 
‘o provide uniform  weld- ‘ \ | | | 
ing conditions. A more com- 10 
plete discussion of the most WI 
Suitable are lengths for weld- N 
ing will be given later in \ _| 
the paper. The relation be- + 
rt voltage and arc % \ P 
en or 4 sizes of elec- & 
; trode and for both helium \ 3 | 
and7. The arc voltage—arc *™ ~ + 
; length relation in argon is in- 
; ‘ding current and gas end 
um atmosphere can be ° 
“tanged as much as three 10 20 30 4 50 60 70 80 90 00 
: Volts by simply changing the TRAVEL SPEED - INCHES PER MINUTE 
Bas flow. Higher gas flow Fig. 12—Relation Between Penetration and Speed at Constant Currents 
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Fig. 13—Relation of Bead Width to Welding Current at Con- 
stant Travel Speed 
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Fig. 14—Relation Between Welding Current and Travel Speed 
for Uniform Bead Penetration Using Helium 


were made to ascertain the distribution of arc 
energy. The electrode holder shown in Fig. 1 was used 
and the are was maintained on one spot of a relatively 
small piece of water cooled stainless steel which consti- 
tuted the work. The heat distribution was obtained by 
measuring the flow and temperature rise of the water 
which cooled the work and also of the water which 
cooled the electrode holder. The are maintained a 
small molten pool on the stainless steel and equilibrium 
temperature of the cooling water was reached in about 
one minute after which the heat measurement was 
started. The average heat distribution of the arc energy 
was as follows: 75% absorbed by the work; 14% ab- 
sorbed by the electrode holder and 11% not measured. 

The heat that was not measured was primarily lost by 
radiation from the '/s in. of hot tungsten electrode pro- 
jecting from the gas nozzle, and by convection through 


288-s 


the shielding gas. The proportion of heat absorbed by 
the work seems rather large, even though straight po- 
larity was used. Some of the heat of the arc liberated 
at the tungsten electrode (— pole) could, however, have 
been carried across by the shielding gas and there was 
undoubtedly some direct radiation of heat from the elec 
trode to the work. 


Welding Characteristics on Stainless Steel 


A fundamental study of the welding characteristics of 
the inert gas shielded arc process was made by welding 
‘beads’ on stainless steel plates. No metal was depos 
ited and the so-called beads consisted of the area of the 
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Fig. 15—Relation Between Welding Current and Travel Speed 
for Uniform Bead Penetration Using Argon 
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Fig. 16—Sections of Welding Jig 
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plate which was melted as the are traversed the plate. 
The depth and area of fusion was determined from 
etched sections of the plate made in a direction normal 
to the travel of the arc. Representative samples of 
these beads are shown in Fig. 8. The purpose of these 
tests was to determine how best to apply this process 
for welding. 


Scope of Bead Tests 


Considering the process basically as a source of heat, 
the important variables are the welding current, travel 
speed, and are voltage. The are length was maintained 
at | y, in. for all the tests so that the shielding gas was 
the only variable that markedly affected the arc voltage. 
\ total of 150 test beads of various combinations of speed 
ind current were made with both helium and argon. 


Macrograph of the weld section x 5. 


Top side of weld as welded wire brushed ground flush '/, 
actual size. 


Under side of weld. 


fig. 17—Weld in 16 Ga. Stainless Steel Made with Helium 
Th, 
min. 


4 CFH for helium and 
AdS 


ing 


'WS Were used with the higher currents. 


1947 


INERT GAS SHIELDED ARC WELDING 


“< Tange of welding current was between 50 and 400 
“iP. with travel speeds ranging from 7 to 120 in. per 
for aon elect dle sizes used were those recommended 
Trents used. The gas flows used were 12 to 
8 to 12 CFH for argon—higher 


he test set up shown in Fig. 3 was used with the weld- 
current supplied by a 400 amp. d.-c. welding ma- 


Fig. 18-—-Section of Weld in 26 Ga. Stainless Steel. 30 


chine. The beads were made on relatively thick stainless 
steel plates, so that the heat flow into the plate from the 
are would be approximately the same in all directions. 
The light beads were made on '/s-in. plates and the heavi- 
est beads on '/»-in. plates with the intermediate bead on 
‘/s-in. plates. After each bead was welded, the plates 
were cooled to room temperature before the next bead 
was run. The plates were sectioned, polished and deep 
etched, and the beads were each measured on two sec- 
tions. A Brinell microscope was used to measure the 
depth of fusion or penetration of the beads and the cross- 
section area was calculated on the basis of a parabolic 
shape which is */; the product of the bead width and the 
depth of fusion. 


Welding Heat 


It is necessary to express the heat of welding in some 
term containing all the variables (current, speed and 
voltage) in order to study the effects of each variable on 
the beads produced. The heat or total energy input to 
the bead is a function of the power of the are expressed 
in watts and the time the arc is applied to each inch of 
bead. This is expressed as follows: 
volts X amp. X 60 

1000 XK speed 


The speed in this equation is given in inches per 
minute. The energy input in kilowatt seconds per inch 
shown on the curves in Figs. 9, 10 and 11 1s the total 
energy developed in the are and not the proportion of 
the are energy which is absorbed by the plate. 

The depth of fusion or penetration of the beads has 
practically a straight line relationship with the energy 
input to the beads as shown in Fig. 9. The range of this 
straight line relation is limited to about 7 kw. sec. per in. 
energy input and to travel speeds of 30 in per min. and 
higher. This relation holds for both argon and helium 
as the curves for the two gases are practically identical. 


Energy input = = kw. sec. per in. 


Effect of Travel Speed 


When the fused area of bead is plotted against the 
energy input a different relation exists for each travel 
speed as shown in Fig. 10. The values in this graph are 
for welding in a helium atmosphere. A similar plot was 
obtained for argon gas and since it is so near duplicate it 
is not shown. These curves show that it requires much 
less energy to fuse a given area when the travel speed is 
high. The largest difference in energy requirements 1s 
between 10 and 20 in. per min. travel speed. The reason 
for this effect is that at slow travel speeds more heat 


Fig. 19—Section of Weld in 11 Ga. Stainless Steel. x 5 


289-s 


the “ta 
i 
eed 
ig 
¥ 


/ 
; 
~ a — f 
‘ 


. 


* 


Fig. 20—Photomicrograph X 250 Showing Carbide Precipi- 
tation in Heat Affected Zone of a Weld in 16 Ga. Type 302 
Stainless Steel 


soaks into the plate material without raising it to the 
melting point. It must be understood, however, that 
these values hold only for stainless steel. Other ma- 
terials having different heat conductivities, melting 
points and specific heats will have different absolute 
values but probably the same tendencies exist. 

When heat values for a constant fused area are taken 
from this chart and plotted against the corresponding 
travel speed, the resulting curve shows the welding effi- 
ciency. The relation between travel speed and heat 
required for two representative fused areas is shown in 
Fig. 11 on which is indicated the thermal welding effi- 
ciency. This thermal welding efficiency is the ratio of 
the theoretical amount of heat necessary to melt the 
measured volume of the weld bead with the actual 
amount of heat used for welding. 

One important consideration for welding with the 
minimum amount of heat is distortion. Welded joints 
in flat sheet metal are very susceptible to distortion and 
it is important to weld such joints with the smallest 
practical amount of heat to keep the distortion at a mini- 
mum. 


Effect of Welding Current 


The welding characteristics of helium and argon show 
a marked difference when the penetration of beads is 
plotted against travel speeds for constant currents as 
shown in Fig. 12. In all cases penetration with the he- 
lium shielded arc was greater than the argon arc for the 
same currents. At low currents the difference is much 
greater than at high currents. The obvious reason for 
the penetration with helium being greater is that the arc 
voltage is higher and consequently there is more heat 
in the helium shielded arc than the argon shielded arc. 
The penetration curves rise sharply at low travel speeds 
which indicate that it is not desirable to weld at low 
speeds because the penetration is very sensitive to 
changes in travel speed. A curve of travel speed and 
penetration for every 50 amp. difference in welding cur- 
rent up to 400 amp. was obtained but only representa- 
tive curves for three values of welding current are shown 
in Fig. 12. Using a complete set of curves, similar to 
those on Fig. 12, values of current and travel speed for 
uniform penetrations were obtained from the intersec- 


tion of the curves with the ordinates representing con- 
stant penetration. These values were plotted in Fig. 
14 for helium and in Fig. 15 for argon, which show the 
relation of current and travel speeds for several values oj 
penetration. 

The width of the fused area is dependent primarily on 
the welding current and the measured values for both 
argon and helium for two travel speeds are shown in Fig. 
13. 

Current and travel speeds are the two principal vari. 
ables by which the penetration is controlled for making a 
weld. Each combination of welding speed and weld- 
ing current falling on the line representing 0.060-in 
penetration in Figs. 14 and 15 will produce a bead hay- 
ing 0.060 in. depth of fusion. The points from which 
the lines for constant penetration were drawn are not 
shown because they are not experimental values but 
are taken from a series of curves similar to those in Fig 
12. The chart for argon (Fig. 15) shows that consider- 
ably more current is necessary for a given penetration at 
a given speed than is required for helium (Fig. 14). The 


Fig. 21—Section of Weld in 0.064-In. Commercial Copper. ~ 

Fig. 22—Section of Weld in 0.067-In. Yellow Brass. 7 
| Fig. 23—Section of Weld in 0.073-In. Leaded Brass. . 
Fig. 24—Section of Weld in 0.061-In. Phosphor 
|. Fig. 25—Section of Weld in 0.082-In. Low-Carbon ot “ 
a Fig. 26—Tensile Fracture of a Weld in Low-Carbon teel. 
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broken line in these charts represents the approximate 
maximum values of currents and speeds at which a bead 
can be welded without undercutting. 


it must be emphasized that these charts cannot be 
used directly for establishing the procedure for welding 
jull penetration joints because of differences in heat flow 
conditions. The beads were made on relatively thick 
plates where the maximum penetration was about 1/4 
the plate thickness and the heat flow was approximately 
uniform from the fused area. When full penetration 
welds are made, this heat flow is not the same as the heat 
flow from a bead. When no back up of the joint is used, 
the heat is absorbed laterally, but, when a tight-fitting 
back-up with good conducting properties is used, more 
welding heat is absorbed vertically. If good welding 
conditions for stainless steel weld are established, how- 
ever, a line through this point on the chart, drawn in 
the same radial direction as the established lines for 
equal penetration, will serve as a guide for establishing 
other values of current and travel speed to produce the 
same weld, under the similar conditions of backing, etc. 
The points on these charts with the accompanying num- 
bers are the values of speed and current used for welding 
full penetration joints in stainless steel of the indicated 
thickness. A more complete discussion of welded 
joints will be given in the next section. 


Welding Joints 


The inert gas shielded arc welding process can be used 
ior fusion welding of different types of joints in many 
metals. Automatic welding is easily adapted to square 
butt joints in sheet metal without additions of filler 
metal. When filler metal is used to provide reinforce- 
ment, it can either be inserted in the joint prior to weld- 
ing in the form of a narrow vertical strip, or a wire filler 
can be fed into the are from one side. Satisfactory 
square butt joints can be welded in stainless steel up 
to about 0.080 in. thick without addition of filler metal. 


Joints in Stainless Steel 


Test welds were made in stainless steel and other 
materials with the preset mechanical fixture shown in 
hig. 3. The specimens were held in a welding jig which 
was carried under the arc on a travel carriage. The 
size of the welded specimens was 6 x 18 in. These were 
held in alignment in the welding jig, as shown in Fig. 16, 
supported close to the joint in order to hold the edges 
irmly. The under edge of flat specimens must be sup- 
ported to maintain the alignment of the edges of the 
sheets during welding. Three types of backing are shown 
nu the sketch, each type being best adapted for the 
thickness of the material being welded —generally closer 
‘upport is desirable for thinner material. If the same 
thickness of material is welded with different backing 
‘TTangements, different welding heats would have to be 
used depending on the amount of heat a given backing 
material absorbs from the joint during welding. Simi- 
arly the joint will have uneven penetration when the 
= of the sheets do not have continuous tight contact 
~~ the backing material, but only touch in spots. 
nother factor is that the edges must be held tight enough 
tho the joint will not open and form a gap during 
ing or possibly close so that the edges lap over one 
nother . The jigs and fixtures required for production 
+ sag represent the most important item in the 

of the process. 
ton mpd ideal welding conditions for square butt 
* I Stainless steel without filler metal are as follows: 


Fit-up—edges of the sheets should be flush, tight 
and held rigid. 


INERT GAS SHIELDED ARC WELDING 


2. Speed—preferably over 30 in. per min. (limited by 
tendencies to undercut). 

4. Heat—set for minimum full penetration (average 
width of fusion of undersize of joint about ', ;« 
in.). 

4. Travel alignment--hold within bottom bead 


width of weld. 


5. Are length—approximately '/, the electrode di- 
ameter. 


A sample of 16-gage stainless steel, welded under con- 
ditions as close as possible to the ideal, showing a full 
section weld without undercut appears in an enlarged 
section in Fig. 17. Two photographs in Fig. 17 show 
the top and bottom surfaces of this weld as-welded, 
wire brushed and ground flush. There is no undercut- 
ting and, when ground flush, no trace of the weld is 
visible. The thickness of this weld when ground by 
hand is only about 0.002 in. less than the parent metal. 
The dark band on either side of the as-welded sample in 
Fig. 17 is a surface oxidization and is present when either 
argon or helium is used for the shielding gas. A black 
soot like deposit is frequently found along side of welds 
made with helium. The black material can be readily 
wiped off with a cloth as has been done with the welds as 
shown in Fig. 17. At present, there is no experimental 
evidence as to the nature of this deposit. The common 
explanation of hydrocarbon impurities in the helium is 
unfounded because the black deposit occurs when 99.99%, 
pure helium is used. 

The control required for quality welds is very close, 
but very good welds can be made in stainless steel with 
considerable latitude in control. Any variation from 
ideal control of any of the factors first shows up as under- 
cutting. An undercut of even 2 or 3 thousandths of an 
inch is quite noticeable on smooth welds ‘and thin mate- 
rial. However, even this much tolerance in under- 
cutting will permit a 5% variation in heat and a '/¢-in. 
opening in joints of 16-gage stainless steel. Full pene- 
tration welds without burning through can be made in 
this thickness of stainless when the sheets are out of 
alignment by half their thickness. A small electrode 
size and a short arc length are necessary to help prevent 
the arc from wandering and to make a smooth straight 
weld. Long are lengths encourage undercutting and 
rippled beads. The are length should be held within 
plus or minus '/» in. of that desired—the least variation, 
the better. 

Welds in thin materials are wide in proportion to their 
depth, as can be seen in Fig. 18. The limitation in 
welding thick materials is obtaining a flush surface with- 
out adding filler material, as is shown in Fig. 19. _ Pro- 
cedures used for some representative welds in stainless 
steel are shown in Table 1. The values in this tabula- 
tion of welding procedure are not necessarily recom- 
mended, but are included to illustrate the principles in- 
volved. In particular, the heat required for full pene- 
tration varies with the weld backing conditions and that 
the tendency to undercut is dependent on a combination 
of travel speed and welding current as was indicated by 
the bead tests. The welds made with argon require 
considerably higher currents than those made with he- 


Fig. 27—Section of Weld in 0.013-In. 4% Silicon Steel x 30 
Micrographs Taken With Polarized Light 
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lium and they have more of a tendency to be objection- 
ably undercut. 


Weld Properties 


The mechanical properties of stainless steel welds 
made in the inert gas shielded are process are very good. 
A total of 50 tensile tests were made of 18-8 stainless 
steel from 0.018 to 0.122 in. thick and all showed tensile 
strength greater than 75,000 psi. within about 95% of 
the unwelded material. Bend tests of these welds all 
bent flat without cracking. No porosity was observed in 
any of the fractured tensile specimens. The metallurgi- 
cal structure of the weld is typically dendritic, as shown in 
Figs. 1S and 19. 

The welded joint shown in Fig. 17 was given an elec- 
trolytic etch in chromic acid and examined for carbide 
precipitation. A band of metal about 0.04 in. wide on 
each side of the weld showed precipitated carbides at 
the grain boundaries. The bands extended through the 
thickness of the material and were located about '/\ in. 
from the fusion line of the weld. A photomicrograph 
showing the band of carbides precipitated is shown in 
Fig. 20. Only one joint was investigated for carbide pre- 
cipitation and this was in 16-gage type 302 stainless 
steel. Before any recommendations could be *made, 
it would be necessary to investigate other kinds and 
thicknesses of material. 


Welding Other Metals 


Some pilot tests of welding metals other than stainless 
steel were made to determine the scope of application of 
the process. The factor which causes the most trouble 
is the formation of gas in the material in the highly 
heated molten metal causing porosity in the welds. In 
low-carbon rimmed steel the reaction of FeO with the 


carbon liberates CO which, when trapped in the fast 
freezing weld metal, causes porosity. All of the various 
metals tested fused together without flux and mace 
welds but the mechanical properties of most of the metals J 
tested are adversely affected by welding causing som JM 
loss of strength and ductility. Inconel behaves much ; 
like stainless steel and is readily weldable but pure nicke| 
and Monel are inclined to show porosity in the welds 
Pilot tests were made on mild steel, copper, brasses and 
high silicon transformer steel and the results of these 
tests are given in Table 2. A photomicrograph of each 
material is shown in the figure indicated in the table 
The welds of copper and copper alloy all showed som 
fine scattered porosity. The low-carbon steel specimen 
was very porous in the interior of the welds and can by 
seen in the photograph of the tensile fracture in Fig. 24 
The surprising high-tensile strength for this weld can be 
explained in part by the increase in hardness of the weld 
zone from the very rapid application of heat and the 
subsequent rapid cooling of the weld by the surrounding 
metal. The hardness of the weld was found to be 20i 
VPN while the unaffected base metal was 124 VPN 
The combination of porosity and hardness is reflected in 

the low ductility of the weld. 

Welding reduced the strength of the copper and its 
alloys, because the heat of welding removed the work 
hardening effects. Some of the zinc of the copper 
zine alloys vaporizes and is deposited along the weld 
as a white powder. The properties of these welts : 
general are probably adequate for many applications 


Comparison of Helium and Argon 


There are many differences in the welding properties 
of helium and of argon. For average conditions a larger 
volume of helium than argon is needed for arc shielding 


TABLE 

WELDING PROCEDURE FOR SQUARE BUTT JOINTS IN 18-8 STAINLESS STEEL 
SHIELDING WELD MEASUREMENTS 
WELD GAS SPEED WIDTH MAX. | UNDERCUT | 
amps | VOLTS one | 

C.F.H. IN. | INCHES | INGHES | INCHES | INCHES | INCHES) 
*i6 | .064 |GRooveD copPpER HE | 20 | 120 | 145 | 40 | 17 | 05 | o68 | O | O | 
16 | .062 " . . 12 i60 | 14.0 | 50 | .16 | .10 | .o71 | .003 | O | 
16 | .064 OPEN . 12 i40 | 15.0 | 50 | .15 | .o8 | .066 oO | .003 | 
i6 | .065 |GROOVED . 16 2i0 | 15.0 | 60 | .14 | .o8 | .o68 | Oo | O | 
0 | 
| .065 20 | 280 | 150 | eo | 25 | | 075 | O10 | 
16 .062 OPEN . 16 200 | 15.5 80 9 .05 .069 | .005 | 004 | 
| .062 OPEN» A 45 | 65 | 30 | .18 | 07 | .065 | TRACE | TRACE | 
16 | .062 " 12 250 | 102 50 A7 | .072 | .005 | .003 | 
16 | .065 |GROOVED COPPER| | 300 | 10.0 | 60 | .2I | .o80 | 010 | 07 | 

Mit | .122 |GROOVED COPPER| HE 25 | 300 | 15.0 25 29 | .20 140 | .004 | .006 | 
14 | .084 OPEN . 16 170 | 14.0 30 23 | 10 | .095 |TRACE | TRACE 

18 | .054 |GROOVED COPPER| = 12 150 | 14.0 6o | 14 | .08 | .054 | .003 | ©! | 
| 22 | .032 . 8 75 | 14.0 
| |FLAT COPPER | 16 60 | 18.0 | 100 | .10 | .o7 | .020 | TRACE 
26 | ow | « . A 12 73 | 95 | 60 | .08 | .04 | .o19 | TRACE | TRAE 

Y 
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TABLE 
MECHANICAL PROPERTIES OF WELDED JOINTS IN VARIOUS METALS 
MACRO | TENSILE STRENGTH | ANGLE OF BEND® 
TERIAL THICKNESS |WELD SPEED | SECTION 
FIG.N? |UNWELDED | WELDED | FACE | RooT | FRACTURE 
COMMERCIAL COPPER | .064 40 21 36300 25,700 180 180 |FUSION ZONE 
36000 23,100 
65-35 BRASS 067 40 22 46600 27,300 | 150 90 | WELD 
46400 30,300 . 
65-34-1 LEADED .073 40 23 47,000 34,800 | 100 180 
BRASS 41,300 
PHOSPHOR BRONZE 40 24 42,200 30500 | 180 | 160 
42,700 35,200 : 
LOW CARBON STEEL | .082 40 25 51,600 49,000 5 45 ’ 
51,100 53,500 
4% Si. STEEL O13 120 27 70700 | 43,100 90 90 |FUSION ZONE 
ia 73900 | 55,400 WELD 
® WELDED SPECIMENS BENT AROUND ¥, dic. PIN-BEND ANGLE AT FIRST CRACK 


the gas flow ratio being approximately three to two. 
Helium is more desirable for welding thin materials be- 
cause at low current the are is more stable and has less 
tendency to wander off the seam. A cleaner surface 
condition is usually obtainable with argon, however, 
the soot like deposits from helium are readily wiped off 
ud other discoloration are only surface conditions. 
rhe welding speeds for quality welds in stainless steel 
obtainable with helium are greater than those obtainable 
with argon. 


Vethods of Applying the Process 


There are many ways in which the inert gas shielded 
are welding process may be applied to production. The 
important operations involved are: Advancing the weld- 
ing along the joint, controlling the arc length, starting 
the are and aligning the travel of the electrode with the 
joint. There are several methods by which these opera- 
tions may be performed and the choice will depend pri- 
marily on the item being welded. All of the operations 
may be done manually. Manual welding would require 
the simplest jigs, but it has its obvious limitations for 
large- scale production. 

lhe inert gas-shielded arc welding process can be easily 
adapted to automatic welding. To advance the weld- 
i. me the joint either the electrode can be moved over 
ri rahed the work moved under a fixed electrode. If 
“ie work requires welding in a circle it is usually desirable 
‘° move the work, but straight-line welding may be done 
rey on The are length can be preset mechanically 

- hxed for the duration of the weld, or means may be 
etsy ‘or limited adjustment of the are length during 

ollon 4 bet joints are not flat and the are must 

os om le it 1s desirable and often necessary to have 
arc length controlled automatically by a machine 


that w; 
A . Will raise and lower the electrode and maintain a 
ny orm are length. 


INERT GAS SHIELDED ARC WELDING 


Several methods may be used to Start the are. In 
automatic welding one method is to have the electrode 
holder mounted on a device that will permit the elec- 
trode to be brought down to touch the work and then 
quickly retracted to a preset arc length. Another very 
simple method of starting the arc where the electrode is 
in its fixed are length position is to momentarily short 
circuit the electrode and work with a small carbon or 
tungsten rod. The arc may be started by remote con- 
trol means by jumping the are with a high frequency 
spark. Automatic voltage control machines can be 
adapted to start the are automatically by touching and 
retracting the electrode from the work. 

It is usually desirable to make welds as small as pos- 
sible which requires very close travel alignment of the 
electrode with the joint. This travel alignment can be 
preset and fixed for the duration of the weld or it may be 
adjusted during welding. In any case it is necessary to 
first carefully position the electrode with the joint, which 
makes close-setting quick-acting position equipment very 
desirable. The most workable combination of methods 
for these operations can best be determined by the job. 
The underside of the weld bead can be protected from 
oxidation by an air-hydrogen flame on the underside of 
the joint at the point of welding. A grooved copper 
backings trip for stainless steel joints offers good but not 
complete protection from oxidation of the underside 
of the weld. 


Conclusions 


1. The control of the essential variables of the inert 
gas shielded arc welding process using straight-polarity 
direct current were determined for welding square butt 
joints in stainless steel within a limited thickness range. 

2. High-current densities should be used with tung- 
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sten electrodes to maintain a spherical end on the elec- 
trodes and to help prevent the arc from wandering with 
resulting crooked welds. The maximum current that 
can be used for a given size of electrode is limited by 
tungsten transfer across the arc which is dependent to 
some extent on the electrode holder and gas flow. The 
recommended current ranges for tungsten electrodes for 
automatic straight polarity welding are given. 

3. There is no appreciable burn off of tungsten elec- 
trodes when the welding currents are within the recom- 
mended current ranges. 

4. The thermal welding efficiency of the inert gas 
shielded are process for stainless steels decreases rapidly 
for speeds less than 30 in. per min. 

5. The successful application of the automatic inert 
gas-shielded arc welding process for square butt joints 
depends on the maintenance of flush tight joints during 
welding and on the control of travel alignment within the 
bottom bead width of the weld. These factors necessi- 
tate very accurate jigs and fixtures. 


6. The amount of heat required for machine welding 
and the subsequent distortion of the material is very 
small. 

7. Helium is preferable to argon for maximum weld- 
ing speeds on stainless steel. 

8. Full section square butt joints having a very neat 
appearance can be welded in stainless steel thicknesses 
from 0.075 to 0.018 in. without addition of filter metal. 
A minimum tensile strength of 75,000 psi. was obtained 
for welds in 18% Cr-8% Ni stainless steel. These welds 
bent flat withot cracking. 

9. Copper, brass, bronze and high silicon electric 
sheet steel can be welded with this process with the welds 
having fair mechanical properties. 

The development of more extensive control over the in- 
ert gas-shielded arc welding process would open up its 
potentialities for a much wider field of application than 
described in this paper. 


The Notched Bar Impact Test According to 
Schnadt’ 


By J. A. Haringx. 


SA result of the bending effect occurring in the 
notched bar impact test of the usual type, there 
exists in the smallest section a tension stress side 

by side with a zone of compression stress. Quite a good 
part of the amount of work to be performed by the bob 
of the impact tester must be expended upon the de- 
formation of material situated in the compression zone. 
This deformation will not be present in the case of brittle 
fracture, and it must be doubted if the so-called impact 
test values in such a bar can at all be taken as a reliable 
measure of the tendency of the material investigated to- 
ward brittle fracture. 


f f 
c 


a 
Fig. 1—Impact Test According to Schnadt 


(a) Hardened steel pin, (b) hole in test bar, (c) notch, (d) test 
bar, (e) knife edge of bob, (f) supports. 


For this reason Schnadt has resorted to removing the 
material in the compression zone by drilling a hole and in- 
serting into it a hardened steel pin a as shown in Fig. 1. 
During bending the center line of this pin, which fits 
loosely into the partly open hole 6 of the test bar d, will 
more or less play the role of a pivot; so that the material 
of the test bar is exclusively subjected to tensile stress. 
In addition to the fact that the pendulum bob now strikes 
against the hardened steel pin instead of against the 
softer material itself, a considerable advantage accrues 
from the fact that the test bars are definitely broken, even 
if no notch is present at all. This makes it possible to use 
quite different bottom radii for the notch with an identi- 
cal fracture area. In practice Schnadt uses only three 

* Reprinted from The Engineers’ Digest, March 1947, Volume 4, No. 3. 


(From De Ingenieur, Vol. 58, No. 50, Dec. 13, 1946, pp. Mk. 15-17, 8 illus- 
trations.) 
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Fig. 2—Test Specimens According to Schnadt 
(a) r = O, (b) r = 0.5 mm., (c) r = 


different bottom radii, namely r = 0, r = 0.5 mm. atc 
Schnadt suggests to produce the notch with r = 0 by 
With the exception of cas! 
iron and zinc practically all materials show ‘1¢ 
state of all-sided compression is approximated, and Us 
under normal conditions a high A, value at the ! 
stress concentration a high Ky will be required. But! 


r =o (Fig. 2), the respective specific work-of-fractul 
values being Ko, K,, and K,. It may be added that 
indenting the bar in the press with the use of a hardene’ 
knife edge ~ 0.02 mm.). 
high A 
values. 
. ne 
The smaller the bottom radius r, the more closely 
greater the tendency to brittle fracture will ! Whik 
respecuve 
stictactory 
test temperature will be a guarantee for a salts! 
toughness of the material in question, in the case 0! M5" 
the ex- 
stress concentrations are to be expected, then U 
istence of a high K, value alone will be sufficient 
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Residual Stresses in Welded Structures 


* 


By Wilbur M. Wilson and Chao-Chien Hao 


Abstract 


Welding engineers recognize that the rapid cooling of molten 
steel increases its yield point, ultimate strength and hardness but 
greatly reduces its ductility. Moreover, after the deposited weld 
metal and the fused base metal have solidified, they have a much 
higher temperature than the adjacent base metal, and, as they 
cool, their normal thermal shrinkage is resisted by the adjacent 
base metal. This action produces residual stresses in the weld 
metal and base metal, tension in and immediately adjacent to the 
weld, and compression in the base metal farther from the weld. 
There is considerable uncertainty in the minds of engineers as to 
how seriously this combination of low ductility and high residual 
stress affects the load-carrying capacity of welded joints con- 
necting steel plates. The investigation described in this bulletin 
was planned to throw some light on this question. 

An analysis was developed for determining the residual stresses 
produced when two plates are joined by a longitudinal weld, and 
two series of tests were made to verify this analysis. For one 
series, each specimen was a plate 5 x ‘/s in. with a longitudinal butt 
weld in the middle. For the other series, each specimen was a 
plate 12 x 5/s in. with a longitudinal butt weld in the middle. 
For both series, the residual stresses were determined experi- 
mentally by the method of relaxation; and residual stresses were 
found in the weld and heat-affected base metal equal, approxi- 
mately, to the yield point of the unaffected base metal. More- 
over, a narrow strip containing the weld had a much higher yield 
point, 2 somewhat higher ultimate strength and a much lower 
luctility than the unaffected base metal. 

rests of the specimens with a longitudinal butt weld verified 
the analysis in so far as the average-stress—average-strain relation 
was concerned. The ductility of the welded specimens was much 
greater than the ductility of the narrow strip containing the weld, 
ind, as a result, the strength by test was somewhat greater for 
plates with a longitudinal butt weld than for similar plates without 
a weld. But, although the ductility by test was greater for the 
plate with a longitudinal weld than it was for the narrow strip 
containing the weld, the ductility was somewhat less for the plates 
with a longitudinal butt weld than it was for the plate without a 
weld. Moreover, the ductility by test of a plate with a longi- 
tudinal butt weld was greater for plates 40 in. wide than it was 
for plates 12 in. wide, and it was greater for plates 12 in. wide than 
it was for plates 5 in. wide. 

The residual stresses in plates with circular welded seams were 
letermined by the relaxation method and it was found that there 
were nearly equal biaxial stresses in the weld and in the circular 
irea enclosed by the weld, and these stresses were of the order of 
the yield point of the unaffected base metal. Nevertheless, failure 
lor all specimens was on a section outside of the circular welded 
seam, and the strength and ductility adjacent to the section of 
eg was approximately the same as for a similar plate without 
welds 

Thirteen specimens 5 x 7/, in. were tested in fatigue on a cycle 
‘a Which the stress varied from tension to an equal compression. 
Ot these, eleven specimens had longitudinal butt welds and two 

were plates without welds. All specimens were planed and draw- 
tiled before testing to eliminate the stress-raising effect of the 
- rolled surfaces of the plate and of the rippled surface of the 
weld. Of the eleven welded specimens, four were loaded statically 
o the yield point in tension, and then unloaded in order to reduce 
Teal stresses before the specimens were tested in fatigue. 
an . ier small number of fatigue tests that were made indicated 
longitud: pny consisting of a 5- x ’/s-in. steel plate with a 
weld with the surfaces planed and draw-filed, 
than it 8 Pap was somewhat less for specimens with welds 
Was sli htly or specimens without welds, and the fatigue strength 
"es loadir uy, greater for specimens that had been stress relieved 
pal ig in tension and relieving, than it was for the welded 
scmens that had not been stress relieved. 


Statice, Unter. a0 investigation conducted by the Engineering Experiment 


I ~Hiversity of Illinois, in cooperation with the Chicago Brid nd 
The Linde Air Products Co. 


Engineering Experiment Station Bulletin Series No. 361. 


I. Introduction 


1. Object and Scope of Investigation 


LARGE number of tests have been made which 
indicate that when two pieces of steel are welded 
together, thermal stresses are produced in the 

material due to the steep thermal gradient that exists in 
the vicinity of the weld when it has been completed. 
Moreover, when two plates are connected with a butt 
weld, the thermal stresses parallel to the weld are ap- 
proximately equal to the yield point of the steel, and the 
yield point of the steel immediately adjacent to the weld 
is increased by its rapid cooling. Although thermal 
stresses are known to exist in the vicinity of all welds, 
it seemed desirable to obtain more detailed information 
relative to the strength and ductility of the resulting 
member. 

The object of the investigation reported in this bulletin 
was to determine the magnitude of thermal stresses due 
to welding, and to determine the strength and ductility 
of the resulting weld. The specimens were limited to 
welded plates of A.S.T.M., A7 steel. The strength and 
ductility were determined by analyses and by tests. 
Some specimens were tested statically, others were tested 
in fatigue. 


2. Acknowledgments 


This bulletin is based upon a thesis by Dr. Chao-Chien 
Hao submitted in partial fulfillment of the requirements 
for the degree of Doctor of Philosophy in Engineering 
in the Graduate School of the University of Illinois, 
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1945. This thesis was written under the supervision of 
Prof. Wilbur M. Wilson. Some portions of the work 
were done in the laboratory of the Department of Mining 
and Metallurgical Engineering under the direction of 
Prof. W. H. Bruckner. 

The direct expenses of the tests made by Dr. Hao were 
paid from funds contributed by the Chicago Bridge and 
Iron Co. 

The tests reported in Section 8 were commercial tests 
made by Prof. Wilbur M. Wilson for the Linde Air 
Products Co., and the results have been included in this 
bulletin with the knowledge and consent of the Com- 
pany. 


II. Residual Stresses by Analyses 


3. Formation of Residual Stresses 


The following explanation of the formation of residual 
stresses is presented as an introduction to a discussion of 
- the analyses which follow. 

It is well known that when a steel tensile specimen is 
stretched beyond the yield point, the stress-strain curve 
during the releasing of the load is approximately a 
straight line with slope equal to E. There is a perma- 
nent elongation, equal to the plastic deformation, set up 


a 
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Fig. 2—Relation Between the Temperature of Steel and Its 
Physical Properties 


1. Martens, A., Mitt. aus d. Konigl. techn. Versuchsanstalt, 1890. 

2. Leaand Crowther, Engineering, 98, 488 (1914) (mild steel). 

3. Tapsell and Clenshaw, Dept. of Science and Industrial Research, 
Eng. Res. Spec. Rpt. No. 1, p. 8, (1927) (0.24% mild steel) 

4. Timoshenko, Strength of Materials, Part Il, p. 699 (1930). 

5. Rodgers, O. E., and Fetcher, J. R.. THe Wetpinc Journat, 17 (11) 
Research Suppl., 5 (1938). 
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in the specimen. Similarly, when the thermal strain at 
any point in the body exceeds the elastic strain corre- 
sponding to the yield-point stress, plastic deformatioy 
will occur which will not disappear when the tempera. 
ture returns to the initial condition, and residual stresses 
are produced. 

This can be illustrated by a simple example. Consider 
three steel bars of equal length and section connected by 
two rigid blocks at the ends, as shown in Fig. 1. If the 
two side bars are kept at room temperature and th: 
middle bar is heated to 1100° F. and then cooled to room 
temperature, residual stresses will be set up in the middle 
bar. 

The diagram of Fig. 1, plotted with the stress in the 
middle bar against temperature, shows how the thermal 
residual stresses are produced. For equilibrium follow 
ing a change in temperature of the middle bar, the stress 
in each side bar is always equal to half the stress in the 
middle bar and opposite in sign. During the elastic 
stage, the stresses in the bars must satisfy the equation 


Smn/E, + aAT = S,/E 
in which S,, and S, are stresses in the middle and sick 
bars, respectively, H, and E are the moduli of elasticity 
at temperatures 7° and the original room temperature, 
respectively, a is the coefficient of thermal expansion 


and AT is the increment of temperature considered 


This equation is represented by curve ab of Fig. 1. In 
determining the curves of Fig. | for a given steel, thr 
fact that E, a and the yield point, yw, are functions of the 
temperature, as indicated by the diagrams of Fig. 2, 
should be taken into consideration. 

The stress in the middle bar reaches the yield point in 
compression when the temperature is approximately 
340° F. (point b, Fig. 1). The yield point is assumed to 
be 35,000 p.s.i. at room temperature, and varies with 
the temperature, as shown by the curve of Fig. 2 
adopted from Rodgers and Fetcher. Beyond point ), as 
the temperature rises, the stress in the middle bar 1s 
limited to the yield point at each corresponding tempera 
ture. This plastic stage is represented by curv: 
Fig. 1. 

When the temperature decreases below 1100° F. th 
action in the middle bar is elastic again. The compres 
sive stress in the middle bar drops rapidly, changes t 
tension and soon reaches the yield point in tension 
785° F. (point d, Fig. 1). This elastic stage is repr 
sented by curve cd. Then, as the temperature decreases 
further, once more the stress in the middle bar is limited 
to the yield point at each corresponding temperatur 
This plastic stage is represented by curve de. Thus 
residual tensile stress equal to the yield point at room 
temperature is set up in the middle bar. The residue’ 
stress in the side bars is compression, and is eqial | 
one-half of the tensile stress in the middle bar. 

The diagram of Fig. 1 indicates that: 

1. The residual stress in the middle bar 
heating it to 600° F. and cooling, will be as grea! 
produced by heating it to any higher temper!" 
providing the cooling is slow (Fig. 1, curve abb'e 

2. Further heating and cooling of the midc’ 
does not affect the residual stress; it remai!is 
yield point (Fig. 1, curve eb’cde). 

3. For a given steel, variations with temperatur 
the modulus of elasticity, coefficient of therm | 
sion, and yield point, from values used in construc” 
the diagram of Fig. 1, do not affect the residus s™ 
due to heating and cooling. iil te 

The behavior of a butt weld connecting two | oor 
very similar to the behavior of the middle bar ol 
structure of Fig. 1. The molten weld metal depos" " 


the joint heats the immediately adjacent base metal 0+ 
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heat, then they cool together down to atmospheric 
The weld and the adjacent metal re- 


temperature. 


semble the middle bar, and the metal farther away from 


the weld resembles the side bars. 


The restraint offered 


by the base metal in a wide welded plate is much greater 


than that of the side bars in the example. 


The tem- 


perature gradient across the weld is steep but continuous, 
and the residual stress in the weld may be as high as the 
yield point of the base metal. 
' The problem of residual stresses in welds is complicated 
by the fact that the physical properties of metal vary 
with the temperature, and also because plastic deforma- 


tion is involved. 


tions is not available. 


be considered rational. 


Elastic equations which contain E£, yu, 
Poisson’s ratio and a@ as variables have been derived.' 
But, as in the case of the ordinary general equations in 
the theory of elasticity, a direct solution of these equa- 
Besides, since the fundamental 
cause of residual stresses is plastic deformation, any 
solution which does not take account of this cannot 


Rigorous mathematical treat- 
ment of this problem is practically impossible. 


How- 


ever, a solution of simple cases based on appropriate 
assumptions will give some idea of actual stress dis- 
tribution in complicated assemblies. 

Some theoretical approaches to the problem of residual 
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| 
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stresses in a plate are described in the following sections. 
Due to limited space, only basic assumptions, funda- 
mental principles and an outline of procedure are stated. 
For more complete details, reference is made to the 
original papers. 


4. Elastic Theory 


Gruning’s Solution.—The simplest problem in residual- 
stress analysis is to find the residual stresses in a rectangu- 
lar plate with a butt weld along the center line. Griining® 
developed a solution of this problem by assuming that 
the residual stresses in such a plate are equal to the 
thermal stresses that would be produced by cooling the 
plate to room temperature from an initial temperature 
which represents the highest temperature at each point 
ever attained during welding. He limited the highest 
temperature to 600° C. (1112° F.), because it was as- 
sumed that above this temperature the steel is in a plastic 
state. To take care of the fact that the modulus of 
elasticity decreases with an increase in temperature, he 
used an average modulus equal to three-fourths of the 
modulus at room temperature. He assumed also that 
the coefficient of linear thermal expansion is constant and 
equal to 0.000011 per degree C. (0.0000061 per degree 


F.). 
vA 
7629 | x 
| | 
> | 
| | 
“208 Fig. 4—Rectangular Plate with Longitudi- 
nal Butt Weld on Center Line 


Transverse Residual Stresses in (000's of (bt per sq in 


°~Grining'’s Solution 


fig. 3— Residual Stresses in a Square Plate with Longitudinal Weld on the Center 
Line, by Analyses 
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RESIDUAL STRESSES IN WELDED STRUCTURES 


Fig. 5—Plate with Weld on One Edge 
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With these assumptions, the problem is resolved within 
the field of the theory of elasticity. Since the thickness 
of the plate is usually small in comparison with other 
dimensions, the residual stresses in the plate are con- 
sidered to be two-dimensional. The general equation as 


expressed in terms of Airy’s function, F, is 


viF = a: ( 


oT 
Ox? Oy? 
This equation can be solved by using difference equations 
as in slab problems. 

Griining took a square plate and divided it into 36 
small squares, and his analysis required the solution of 
nine simultaneous difference equations. He presented 
solutions of four different temperature gradients. 

He did not take into account the change in the stress- 
strain relation at the yield point. In one case, where the 
temperature gradient was supposed to represent that 
actually obtained in arc welding, the maximum longi- 
tudinal residual stress in the weld was reported to be as 
high as 4560 kg. per sq. cm. (64,900 psi.) tension. It is 
believed, however, that the yield point of the weld metal 
might have had this value. Griining’s solution for a 
square plate is shown in Fig. 3 (a). Transverse as well 
as longitudinal residual stresses were determined. 

Solution by Fourier’s Series.*—Approximately the 
same results can be obtained by employing Fourier’s 
series. With the same assumptions as in the foregoing, 
the residual stresses can be expressed as a longitudinal 
tensile stress equal to EaT, combined with the stresses 
due to a nonuniform pressure equal to EaT applied at 
the ends.* General solution for the stresses in a plate 
due to a nonuniform pressure, represented by sine or 
cosine functions, applied at the ends, has been repre- 
sented by Timoshenko in Theory of Elasticity, p. 44. In 
this particular case, EaT is expressed as a Fourier’s series 
EaT = rk», cos (marx/w) = ky + ky cos (rx/w) + 

cos (29x /w) 
where, in addition to the terms already defined, the 
following notation is used: 

= zero or integer representing number of term in 
series 
= arbitrary coefficient for mth term in series 
= '/; width of plate 
> represents summation for all m values from zero to 
infinite. 
Then the stresses will be 
Oy?’ 


and S,, 


Sy = ox 


in which 


mry 
F = cos (mrx/w) cosh + 


many 
sinh — ) 

The quantities S,, S, and S,, represent the normal and 
shearing stresses, where, for example, S, is the normal 
stress on sections perpendicular to the x-axis, and is 
positive for a tensile stress. The quantities C,,, and 
C4» ave arbitrary constants, different for each value of m, 
but are not defined for m = 0. For m = 0, the only 
stress is a stress in the y-direction equal to the average 
value of the stress applied at the ends of the plate. 

The constants C), and Cy, as determined from the 
conditions that on the edges, Fig. 4, y = nw, the shear- 

* By Hao. 

1. Toyotaro Suhara, ‘‘Thermo-Elastic Equations When the Moduli of 
Elasticity are Given as Functions of the Coordinates’, Proc., 3rd Intern. Cong 
\pplied Mech., Part II, p. 90. 

2. Griining, ‘‘Die Schrumpfspannungen beim Schweissen Des Stahibau, 
PP, 110-112, (July 6, 1934). 


. See Timoshenko, Theory of Elasticity, McGraw-Hill Book Co., 
York, p. 207, (1934). 
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ing stresses must be equal to zero, and the normal stress 
must be equal to the applied pressure, are as follows: 


sinh mur + cosh mnr w ) 
sinh mnz cosh + \mr 


—sinh mnr 
sinh mur cosh + mnx \mr 

For a square plate (m = 1) the longitudinal stress 
across a section at the middle of the plate, due only to 
the edge compression, will be 


S, = [—Ro + cos (rx/w) + 0.02720) cos 
(23x /w) + 0.00168k;3 cos (3rx/w) + 


and for a plate with a length twice as great as the width 
(n = 2) such stress will be 


S, = [ —ko + 0.02720k; cos (rx/w) + 0.000092, cos 
(2ax/w) +.....] 

It can be seen that the series converges very rapidly 
when the plate is long relative to its width, and for a 
long plate the only term of importance in S, is the aver- 
age compressive stress corresponding to the term &). 
The trigonometric terms represent a correction near the 
ends only, for the end effect. 

The normal stresses on the edges x = + w, as given 
by this solution, are not equal to zero. For a long plate, 
it can be assumed that to eliminate these stresses so that 
the edges x = +w will be stress-free, does not affect th: 
distribution of other stresses. For a short plate, ic. 
a plate with a length much less than the width, thes: 
stresses are very small and can be neglected. For plates 
which are nearly square, these stresses are not negligibl 
and their elimination does affect the other stresses. 
The effect due to eliminating the normal stresses on the 
edges x = +w can be obtained by using the foregoing 
solution, but interchanging the axes. Thus, by adjusting 
the stresses on the edges successively, a true stress (lis- 
tribution for all edges free from external stress can be 
obtained. The stresses on edges produced by pressures 
applied on other perpendicular edges converge rapidly. 
For practical purposes, one or two adjustments will be 
sufficient. 

A complete solution, including the tensile stresses, 
for a square plate with a welded seam on the center line 
is presented in Fig. 3 (0). Two adjustments were mai 
for eliminating the stresses on edges. The results are 1 
agreement with those obtained by Griining, given 
Fig. 3 (a). 


5. Plastic Theory 


Solution by Boulton and Lance Martin.—The first wel! 
developed theory which takes account of plastic deto! 
mation was published by Boulton and Lance Martin 
The basic assumption was that, in a long plate, t 
longitudinal strain varies linearly with respect 
across the whole width of the plate, except in cro 
tions near its ends. This has been found to be 
mately true by actual strain measurements. . 

In the case of a plate with weld beads deposit: 
one edge, they divided the plate into three regions, 
shown in Fig. 5: 

1. Elastic region—region to the right of line 
The deformation in this region during the entire weldis 
process was elastic. 

2. Plastic region I—region between lines a 
The compressive strain in this region was plas! 
the rising temperature was near its maximum, 
strain during subsequent cooling was entirely | 
The criterion for determining the position of {nC "" 
is that, at the instant when the temperature at + T° aches 
its maximum, the stress at A must have just rea hed a 
yield point in compression corresponding to that 
perature. 
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Fig. 6—Residual Stresses in a 6-In. 
Lance Martin 


Plate by Boulton and 


3. Plastic region IIl—region between the weld and 
line 6b’. The compressive strain in this region was 
plastic when the rising temperature was near its max- 
imum, but the tensile strain was plastic when the region 
cooled to room temperature. The criterion for deter- 
mining line bb’ is that, when the section cooled to room 
temperature, the stress at B must have just reached the 
yield point in tension. 

The temperature gradient across the section at any 

instant was determined by a_ theoretical formula. 
Stress-strain relations in all regions were established. 
Of course the stress in the plastic region was limited to 
the yield point corresponding to the temperature. The 
stress was determined by applying the conditions of 
static equilibrium. It is necessary to locate by trial, 
first the line aa’ and then the line bd’. After this has 
been done, the complete solution of the residual stress 
can be obtained. 
_ In cases where symmetry exists, like the one presented 
in the original paper where weld beads were deposited 
along both edges of the plate, or where the weld is along 
the center line of a plate, the strain across a section is 
considered to be constant and the solution is simpler. 

The results obtained by this theoretical approach, for 
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Fig. 7—Residual Stresses in a 30-x? /«- x 30-In. Plate by Rodgers 
and Fetcher 
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a plate with weld beads on one edge and for a plate with 
weld beads on both edges, are shown in Fig. 6. 


Solution by Rodgers and Fetcher.—A solution of ther- 


mal residual stresses in a plate with a thermit weld on 
the center line was presented by Rodgers and Fetcher.* 
Their basic assumption was that plane cross sections re- 
main plane during the temperature change, and that the 
end effect can be neglected. Under these conditions, 
there will be no transverse or shearing stresses, and the 
longitudinal stress can be expressed as 


in which 7 is positive fora rising temperature and posi- 
tive S, indicates tension. 
represents merely a uniform compression equal to the 
average value of the tension corresponding to the first 
term. 
section was determined by actual measurement and was 
computed by an equation which they presented. The 
two values were in fair agreement. 


The second term on the r.ght 


The temperature at various points on the cross 
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Fig. 8—Stress-Strain Curves for Various Portions of a Welded 
Plate and for the Plate as a Whol> 


To take care of the fact that & and a@ vary with the 
temperature, the time intervals were taken so small that 
E and a could be considered constant for each interval. 
The residual stresses were obtained by adding, succes 
sively, the stress increments thus obtained. The stress 
at any point is limited to the yield point corresponding 
to the temperature at that point. 

The residual stresses in a square plate (30 x */4 x 30 
in.) obtained by this method, using 37 time intervals, 
are shown in Fig. 7. The full line represents computed 
values and the circles represent measured values. The 
discrepancy between the computed and the measured 
stresses near the edges may be due to the fact that the 
end effect is not negligible. 

A unique feature of this method is that a complete 
history of stress variation during the welding process can 
be obtained. 
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III. Behavior of Welded Seams Under Loads 


6. Analysis by Hao 


It is known that the residual longitudinal stress in 
butt welds connecting plates may be as high as the yield 
point of the weld metal and heat-affected base metal, 
which is usually somewhat higher than the yield point 
of the unaffected base metal. The weld metal also has a 
higher ultimate strength but lower ductility than the 
unaffected base metal. Ductility is considered a desir- 
able property of steel. Steels of low ductility are not 
considered to be so suitable for structures as those of 
higher ductility. It is, therefore, in order to ask (1) 
How does the presence of high residual stresses and a 
strip of less ductile metal in a welded assembly affect 
its behavior? and (2) Does their presence reduce the 
strength of the structure ? 

Residual stresses may be uniaxial, biaxial or triaxial; 
also the stresses produced by load may be uniaxial, bi- 
axial or triaxial. The simplest combination would be 
uniaxial load stress on uniaxial residual stress with their 
axes parallel. This is also a fundamental case of practi- 
cal importance. 

The following analysis was made to determiné the 
behavior of welded seams under uniaxial load. Con- 
sider a 10-in. plate made of two A.S.T.M., A-7 steel 
plates of equal width connected by a longitudinal butt 
weld. It is assumed (1) that the physical properties of 
the weld, of the heat-affected base metal and of the un- 
affected base metal can be represented by the stress- 
strain curves shown in Fig. 8; (2) that the residual 
stresses in the plate are as shown by the heavy line OO’ 
of Fig. 9, which is so located that the resultant area be- 
tween OO’ and the base line, OABC, equals zero; and 
(3) that the yield point of the metal at different distances 
from the center line of the plate, conforming to those 
shown by the stress-strain curves of Fig. 8, is shown by 
the heavy line dd’ of Fig. 9. Due to symmetry, only 
half of the plate is shown in the figure. All the figures 
are hypothetical, but are believed to be representative for 
a welded plate. 

Consider now that the plate of Fig. 9 is stretched due 
to the application of an external load at the ends. It is 
assumed that a plane section will remain plane during a 
considerable stretching. The curves of Figs. 38 and 39 
show that this is substantially true. With the applica- 
tion of a small load, there will be very little increase of 
stress in and adjacent to the weld, since the residual stress 
in the weld and the nearby base metal is nearly equal 
to the yield point. But in the remaining portion of the 
plate, the stress will increase proportionally to the strain. 
The line aa’, Fig. 9, which is drawn at a constant dis- 
tance of 15,000 psi. (strain = 0.0005 in. per inch) above 
OO’, represents the stress in the portion of the plate to 
the right of A when the plate has been stretched 0.0005 
in. per inch. The stress in the weld and in the near-by 
base metal, from O over to point A, which has been in- 
creased to the yield point at this strain of 0.0005 in. per 
inch, is shown by the left portion d’a’ of curve dd’ of 
Fig. 9. The stress distribution across the entire width 
of the plate for a strain of 0.0005 in. per inch is thus 
shown by the line d’a’a of Fig. 9. Since the resultant 
of the residual stresses is equal to zero, twice the result- 
ant area between the base line and curve d’a‘a is the 
load necessary to stretch the plate to a strain of 0.0005 
in. perinch. This load is found to be 131,000 Ib. per in. 
of the thickness of the plate, and the average stress in 
the plate is 13,100 psi. These values, strain 0.0005 in. 
per inch, and average stress 13,100 psi., give the point a 
of the stress-strain curve for the plate as a whole, shown 
in the inset of Fig. 8. 
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If the plate is now stretched to a total strain of 0.(0| 
in. per inch, the stress in the weld and nearby base 
metal, from O to A, remains at the yield point, but the 
stress in the metal between A and B increases to the 
yield point, while the stress in other portions of the plate, 
from B to the edge, increases by 15,000 psi. The stress 
distribution across the plate for this strain of 0.001 in. 
per inch is shown by curve d’b’b of Fig. 9, and the line 
b’b is the constant distance of 15,000 psi. above the cor- 
responding portion of the line a’a. The load necessary 
to produce this strain, twice the resultant area under 
curve d’b’b, is 242,000 lb. per inch, and the average stress 
is 24,200 psi. The point } in the inset of Fig. S repre- 
sents the stress-strain relation of the plate as a whole 
corresponding to that shown by curve d’b’b of Fig. 9. 
Similarly, curve d’c’c of Fig. 9 shows the stress distribu 
tion across the plate at a strain of 0.0015 in. per inch, and 
point c in the inset of Fig. 8 represents the stress-strain 
relation of the plate as a whole corresponding to curve 
d'c'c of Fig. 9. 

As the strain increases, the stress over most of the 
plate reaches the yield point; and when the stress over 
the whole plate reaches the yield point, the plate yields 
as a whole. For the problem being considered, the 
stress over all the plate reaches the yield point when the 
strain reaches 0.0018 in. per inch, and the stress distribu 
tion across the plate is shown by curve d‘d in Fig. §) 
The corresponding stress-strain relation for the plate as a 
whole is shown by point din Fig. 8. The yield point of 
the plate as a whole is equal to the average yield point 
over the whole width of the plate, i.e., the average ordi 
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Since the 
yield point of the weld and the nearby metal is generally 
higher than that of the base metal, the welded plate 


nate of curve d’d of Fig. 9, which is 37,100 psi. 


always has a higher yield point than the plate without 
a weld. 

When the plate as a whole is stretched beyond the 
vield point, the stress at all parts of the plate increases. 
The stress distributions across the plate at strains of 0.02, 
0.04, 0.06, 0.08, 0.10 and 0.12 in. per inch are shown by 
curves ee’, ff’, gg’, hh’, uw’ and jj’ of Fig. 9, respectively.* 
These curves are constructed on the principle that the 
increase in stress at a point is in accordance with the stress- 
strain curve for that point. As previously stated, twice 
the resultant area under each curve represents the load 
necessary to produce the strain. The stress-strain rela- 
tion for the plate as a whole at strains of 0.02, 0.04, 0.06, 
0.08, 0.10 and 0.12 in. per inch is shown by points e, f, g, 
h, iand j, respectively, of the heavy-line curve of Fig. 8. 

When the plate as a whole is stretched to the maximum 
elongation of the weld acting as an independent strip, 
in this case assumed to be 12%, it might be expected 
that the weld would break, and the fracture progress 
across the adjacent base metal. But actually the weld is 
monolithic with the base metal, and the base metal ad- 
jacent to the weld enables the weld to stretch more than 
it would as a separate strip.’ This being true, the plate 
will break at an elongation somewhat greater than the 

2, which has been assumed for the weld acting as a 
separate strip. 

One way of relieving the residual stresses is to apply 
id remove an external load parallel with the residual 
stress. The principle involved is that, if steel is stretched 
beyond the yield point and unloaded, the recovery is 
elastic. Thus, if the plate of Fig. 9 is loaded to an aver- 
age stress of 36,000 psi., corresponding to a strain of 
0.00168 in. per inch (point m in the inset of Fig. 8), most 
of the plate is stretched beyond the yield point. The 
stress distribution across the plate at this strain is shown 
by curve d’m'm of Fig. 9. Upon releasing the load, 
the plate as a whole will act elastically and in accordance 
with line mn of Fig. 8. The residual stresses in the plate 
are reduced to those shown by curve n’n of Fig. 9, which 
is drawn at a constant distance of 36,000 psi. (strain = 
().0012 in. per inch) below d’m’m, and the plate is elon- 
gated by 0.00048 in. per inch, represented by O-n of Fig. 8. 

Following the analysis explained in the foregoing, it 
is evident that, if the plate is reloaded to destruction, it 
will behave in the same way as it would if it had not been 
| -_ vaded, except for the stress-strain relations at the low 

oads, 


From this discussion, the following conclusions may 
drawn: 


|. For a given applied average stress below the yield 
point of the base metal, welded plates are strained much 
ore than similar plates without a weld, a fact attributed 
to the presence of residual stresses. But for a given 
‘pplied average stress above the yield point of the base 
a the welded plates deform less than plates without a 

reid, 

2. The yield point of the welded plate is equal to the 
“verage yield point of the metal across the welded plate. 
_°- Due to the fact that the weld and the heat-af- 
‘ected base metal have a higher yield point than the un- 
affected base metal, the yield point of the specimen as a 


oda is always higher than that of the unaffected base 
etal, 


ot Application of a load corresponding to an average 
Strece . . 
ess below the yield point may induce a permanent de- 


* The exact chz 
of the — _ shape of these curves depends upon the shape of that portion 
$s-str 


plate. ain curve in the plastic range of the various portions of the 
T See Sections 7, 8 and 9 


formation in a welded plate. This does not affect the 
behavior of the welded plate when reloaded beyond the 
average stress reached by the original loading. 

5. The analysis indicates that residual stresses due 
to welding do not affect by a significant amount the 
static ultimate strength of two A.S.T.M., A7 steel plates 
connected with a longitudinal butt weld. 


7. Tests of Specimens Consisting of Two Plates Con- 
nected with a Longitudinal Butt Weld; Series I. Speci- 
mens 5 x*/3 Inch 


Two series of tests were made to verify the analysis 
given in Section 6. The tests were planned to deter- 
mine (1) the residual stresses in a specimen made of two 
plates of equal width connected by a longitudinal butt 
weld; (2) the physical properties of different parts of 
such specimens; and (3) the behavior of specimens con- 
taining residual stresses when tested statically, in order to 
compare the actual behavior with the behavior indicated 
by the analysis, using data from (1) and (2). The 
specimens for these two series were narrow. The speci- 
mens for a third series, for which only the static strength 
was determined, were wide. 

Four specimens were used for the tests of Series I. 
They were made from a single 48-in. x ‘/s-in. x S-ft. 
carbon-steel plate, and had the dimensions shown in 
Fig. 10. All specimens except specimen 0 had a longi- 
tudinal butt weld on the center line over the entire 
length. Specimen 0 was a plate without weld used as a 
control specimen. The location in the parent plate of 
each specimen is shown at the bottom of Fig. 10. (Spec- 
imens 1, 2, 4 and 5 were used for the fatigue tests de- 
scribed in Chapter V.) The specimens were flame cut 
from the parent plate, as shown in the figure. The edges 
to be welded were planed to a double bevel and '/s in. 
was planed off the edges of the middle portion of the 
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(c)-Location of Specimens in Parent Plate 


Fig. 10—Specimens with Longitudinal Butt Welds; Static Tests, 
Series I 
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flame-cut outside edges before welding. The specimens 
were machined to size after being welded, thus removing 
an additional '/s in. from the edges. Details of welds 
are shown in Fig. 10 (0). 

The chemical composition of the plate as determined 
by mill analysis was C, 0.26%; Mn, 0.49%; P, 0.012%; 
and S, 0.028%. The physical properties of the plate as 
determined by tests of 1'/2-in. standard tension speci- 
mens were as follows: 


Elongation | Reduction 
Specimen No. Yield Point Strength in 8 in. of Area 
| Ib. per sq. in. | lb. per sq. in per cent per cent 

33590 420 | 25.7 39.4 
X23... 33 170 | 63 870 22.3 29.1 
X45. 33 900 63 980 25.3 37.2 
X67 33 360 64 100 | 27.3 38.1 
Average 33 500 | 63 840 | 25.2 36.0 


The following procedure was used in determining the 
residual stresses in specimen 7. Gage lines 8 in. long 
were established on both sides of the specimen, as shown 
in Fig. 11. In order to relax the stresses, the central 
portion of the specimen was sawed into seven strips 20 
in. long and *’, in. wide, except the center strip, which 
was '/» in. wide and consisted almost entirely of weld 
metal. Gage readings were taken with a mechanical 
strain gage both before and after sawing. The residual 
stresses were determined from the recovery of the speci- 
men as indicated by the difference between the two sets 
of readings. These residual stresses are shown in Fig. 12. 
The maximum value, which was 34,000 psi. tension, oc- 
curred in the weld. 

Tension specimens were prepared from the strips of 
specimen 7, and the physical properties (yield point, 
ultimate strength, elongation and reduction of area), 
determined by tests, are given in Fig. 12. The stress- 
strain curves of the three central strips are shown in Fig. 
13. The data in Fig. 12 indicate that the weld and the 
heat-affected base metal had a significantly higher yield 
point, a slightly higher ultimate strength, and a lower 
elongation and reduction of area than the unaffected 
base metal. 

The static behavior of specimen 7 was determined by 
the analysis described in Section 6, using the data given 
in Figs. 12 and 13. The resulting stress-strain curve is 
shown in Fig. 14, superimposed upon the stress-strain 
curves of the various strips.* The same stress-strain 
curve is also given on Fig. 15. The stress distribution 
for specimen 7 under various strains, as determined by 
analysis, is shown in Fig. 16. 

Static tests were made on specimens 0, 3 and 6. The 
specimens were bolted to pin-connected pulling heads to 

* The ce ntral strip containing the weld broke at an elongation of 10%- 
‘The stress-strain curve for specimen 7 as a whole, determined by the oa 
of Section 6, has been extended as a broken line to an elongation of 17° , the 


elongation at failure for specimens 3 and 6, which were similar to specimen ap 
but which were tested as a whole. 
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Fig. 11—Location of Gage Lines for Determining Residual 
Stresses in Specimen 7, Series I 
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Fig. 12—-Residual Stresses and Physical Properties; Specimen 7 


assure a true centering of the applied load. 
strains were measured with an 8-in. 


Longitudinal 


mechanical strain 


gage on lines 1 in. apart, five on each side of the speci- 


mens. 


Specimens 3 and 6 were identical with specimen / 


Specimen 0 was a plate without weld used as a control 
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Fig. 13—Stress-Strain Curves for Strips 3, 4 and 5 of Specimen 
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Fig. 14—-Stress-Strain Curves for Various Strips and for Speci- 
men as a Whole; Specimen 7, Series I 


specimen. It developed a yield point of 31,600 psi. and 
an ultimate strength of 65,470 psi. The elongation in 8 
in. was 33.4%, and the reduction of area 36.29%. The 
stress-strain curve for specimen 0 is shown in Fig. 15, 
along with those of other specimens. Photographs of 
the specimens after failure are shown in Figs. 17 and 18. 

Specimen 3 was pulled, successively, to stresses of 
17,600, 28,200 and 37,400 psi., with a release of load to 
approximately 1500 psi. after each of these loads, and 
finally pulled to failure. Strains during the releasing 
of the load were not measured. ‘The stress-strain curve 
it the right of Fig. 15 indicates that the stress-strain 
lime for reloading was straight. The specimen developed 
‘ yield point of 38,000 psi. and an ultimate strength of 
(7,700 psi. The elongation in 8 in. was 17.3%, and the 
reduction of area 21.89% The specimen failed squarely 
cross, but the surface of fracture, Figs. 17 and 18, was 
clined to the plane of the specimen about 45°, indicat- 
ing a shear type of failure. 

Specimen 6 was pulled directly to failure without any 
telease of load. It developed a yield point of 38,400 


Strain 


Fig. 15 Stres-Strain Curves for Specimens Tested Statically; 
Series I 


psi. and an ultimate strength of 67,020 psi. The elonga- 
tion in 8 in. was 17.4%, and the reduction of area 21.0%). 
The fracture was of the same type as the fracture of 
specimen 3 (Figs. 17 and 18), which had been loaded and 
unloaded, successively, as described in the previous 
paragraph. 

The results of the static tests of Series I are summarized 
in the following table: 


U > at > “tior 
Yield Point. | Itimate Elongation | Reduction 


| 
Specimen No. } Strength in 8 in of Area 
| Ib. per sq. in. | Ib. per sq. in percent | per cent 
Average of four coupon 
specimens. . din 33 500 | 63 840 25.2 36.0 
No. 0... | 31 600 | 65470 | 33.4 6.2 
No. 3 | 38000 | 67 700 17.3 21.8 
No. 6 38 400 | 67 020 17.4 21.0 
No. 7* 38 500 | 67 000 


* Obtained by analysis. The ultimate strength was based on an assumed elongation of 17.0 
per cent, the elongation by test of the similar specimens, 3 and 6 
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Fig. 16-—Stress Distribution Under Various Strains, by Analysis; 
Specimen 7, Series I 


The stress-strain curves for specimens 3 and 6, de- 
termined by tests, and the one calculated from data ob- 
tained from specimen 7 by the procedure described in 
Section 6, show a remarkable resemblance. The def- 
ormation was greater for the welded specimens than for 
the plate without a weld, control specimen 0, at loads 
below the yield point, but was less for the welded speci- 
mens than for control specimen 0 at loads above the 
yield point. The welded specimen 3 behaved elastically 
during the release of the loads and the subsequent re- 
loading. The welded specimens had a higher yield point 
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(av. 38,200 psi.), a slightly higher ultimate strength 
(av. 67,400 psi.), but a lower elongation and reduction of 
area than control specimen 0. The average elongation 
in Sin. for specimens 3 and 6 was 17.4%, a value that is 
higher than the corresponding value for the strip of 
weld metal cut from specimen 7, which was 10.0%. 
This is believed to be due in part to the smaller ratio of 
width to gage length for the strip containing the weld 
than for specimens 3 and 6 as a whole, and in part to the 
fact that the base metal adjacent to the weld metal 
enabled the weld metal to elongate more than it would 
as a separate strip. 
8. Tests of Specimens Consisting of Two Plates Connected 
with a Longitudinal Butt Weld; Series II. Specimens 
12x Inch. 


The tests for Series Il were the same as for Series I 


Fig. 17—-Specimens of Series I After Failure 


except that the section of the middle portion of the 
specimens was 12 x °/s in. for Series II instead of 5 x 7/s 
in. as for Series I. 

Four specimens were used for tests of Series II. They 
were made from a single 72-in. x ®/s-in. x 5-ft. carbon- 
steel plate, and had the dimensions shown in Fig. 19. 
All specimens except 0 had a longitudinal butt weld on 
the center line. Specimen 0 was a plate without weld 
used as a control specimen. The location in the parent 
plate of each specimen is shown at the bottom of the 
figure. These specimens were prepared in the same 
manner as the specimens of Series I except that the de- 
tails of the welds, shown in Fig. 19, were somewhat dif- 
ferent. 

The chemical composition of the plate as determined 
by mill analysis was C, 0.25%; Mn, 0.47%; P, 0.018%; 
S, 0.027%; and Si, 0.06%. The physical properties of 
the plate as determined by laboratory tests of 1'/2-in. 
standard tension specimens were as follows: 


Ultimate Elongation | Reduet 
Specimen No. Yield Point Strength in Sin of Area 
Ib. per sq. in Ib. per sq. in percent | per cent 
yol 36 530 | 6S 550 28.3 | 48 4 
Y23 36 110 } 67 870 28.2 183 
Average 36 320 68 210 28.3 


*. 


lv, 


7 


! 


"lame Cure Machined 


(a) - Details of Specimens 


PassWe.| / | 217 
+ Llectrode AWS E-60/0\ AWS 


Nore: Chip root of layer / ketore making pass 2 
(6)-Details of Wela's 


6-0" 


(¢)-Location of Specimens 
Parert Flate 


Fig. 19—Specimens with Longitudinal Butt Welds; Sens I 
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Fig. 20—Location of Gage Lines; Relaxation for Determination 
of Residual Stresses; Specimen 2, Series II 


The residual stresses in specimen 2 were determined in 
the following manner: Gage holes 8 in. apart, as shown 
in Fig. 20, were drilled on both the top and bottom sides 
of the specimen. In order to relax the stresses, the 
central portion of the specimen was sawed into fifteen 
strips 18 in. long and of different widths. The center 
strip, the weld, was '/2 in. wide; the four outside strips, 
two on each side, were 1 in. wide; and the remainder 
were */, in. wide. Gage readings were taken with a 
mechanical strain gage both before and after sawing. 
The residual stresses, determined from the recovery of 
the specimen as indicated by the difference between the 
two sets of gage readings, are shown in Fig. 21. The 
maximum residual stress was 48,400 psi. tension in the 
weld, 

The physical properties of specimen 2, determined 
from tests of tension specimens prepared from the strips 
resulting from the tests to determine the residual stresses, 
are tabulated in Fig. 21. The stress-strain curves of 
the five central strips and the two outside strips are given 


in Fig. 22. The stress-strain curves of the other strips 
N 
& 
& 3420 
Sy 
re 
OS 2 
30 Width, of Plate 


Resia- lace | 11.8) - 43)- 142) - +475| 433 +288) 28\-/56\-/24\-//8 
| 362) 366) s7/| 378\ 455| 523\ 442) 370| 369| 357| 364|\ 364| 366 

Utimate \ 

rrengtty* O72| 674 678) 668) 666\ 677\ 702) 722| 726| 675| 68/| 674| 677| E72 

Sin, % | 260\ 222| 278| 105\ 2a2\ 250\ 250 244 
Reduction | 

f Ar $38| 4/6) 97, 

of Area, % | 570) 38/\ 423) 485| 379\ 220\ 354\ 49/| 438| 36.0\ 41.0 


1000's of 1b. per sq. in. 
tAverage of / ana 4%, 14, 3 and ete. 


Fig. 21—Residual Stresses and Physical Properties of Specimen 


2, Series II 
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were not determined because the two outside strips and 
strips 6 and 10 had almost identical physical properties 
and their stress-strain curves were almost identical. 
The data indicate, in agreement with Series I, that the 
weld and the adjacent heat-affected base metal had a 
significantly higher yield point, a somewhat higher ulti- 
mate strength, and lower elongation and reduction of 
area than the unaffected base metal. 

The behavior of specimen 2 was determined from the 
stress-strain diagrams by the analytical method de- 
scribed in Section 6. Figure 23 shows the resulting 
stress-strain curve for the specimen as a whole, super- 
imposed upon the stress-strain curves of various strips. 
The same stress-strain curve is also given on Fig. 24 
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Fig. 22—-Stress-Strain Curves for Various Strips of Specimen 2, 
Series II 


The stress distribution for specimen 2 under various 
strains, as determined by analysis, is shown in Fig. 25. 

The tests of specimens 0, 1 and 3 of Series II were con- 
ducted in the same manner as the tests of Series I, ex- 
cept that more gage lines were used because the specimens 
were wider, there being seven gage lines on each side of 
each plate, as shown in Fig. 20. 

Specimen 0 was a plate without weld used as a contro) 
specimen. It developed a yield point of 37,400 psi. and 
an ultimate strength of 67,200 psi. The elongation in 
8 in. was 38.3%, and the reduction of area 34.6%. The 
stress-strain curve is shown in Fig. 24, along with those 
of other specimens. Photographs of the specimen after 
failure and of the fracture are shown in Figs. 26 and 27, 
respectively, along with those of other specimens. 

Specimen 1 was pulled continuously to failure. It 
developed a yield point of 38,800 psi. and an ultimate 
strength of 70,000 psi. The elongation in 8 in. was 27.3%, 
and the reduction of area 26.7%. The fracture was of a 
shear type (Figs. 26 and 27). 

Specimen 3 was pulled to an average stress of 36,400 
psi., released to 950 psi. and then pulled to failure 
The stress-strain curve, at the right of Fig. 24, indicates 
that the stress-strain diagram for reloading was a straight 
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line, the same as for specimen 3, Series I. The specimen 70 
developed a yield point of 39,800 psi. and an ultimate 
strength of 69,000 psi. The elongation in 8 in. was 27.0% 
and the reduction of area 26.1%. The fracture was of a 


° 
shear type (Figs. 26 and 27). f= 
The results of static tests of Series II are summarized Hy 
in the following table: & 
40 
8 
Yield Point Ultimate Elongation | Reduction 30 / 
Specimen No. Strength in 8 in. of Area Ss | i fi / | 
| lb. per sq. in. | Ib. per sq. in. per cent per cent BN — 
specimens 36 320 68 210 28.3 8 | 
No. 1 38 800 70 000 27.3 26.7 10 7 
No. 3 39 800 =| 69 000 27.0 26.1 
"© Obtained by analysis; the ultimate strength was based upon an elongation of 27 per cent, Q , ! 


the elongation by tests of the similar specimens 1 and 3. Strain 


a Fig. 24—Stress-Strain Curves for Various Specimens, Series I] 


Strip 8 | | strip containing the weld than for specimen 3 as a whole, 
(Weld) and in part also to the fact that the metal adjacent to 
oy 7 Zz | the weld metal enabled the weld metal to elongate more 
J - than it would as a separate strip. The welded speci- 
, — Strips 7&9, by Test | mens developed an ultimate strength equal, approxi- 
g 67 ——T—~—s mately, to the calculated value for specimen 2, when the | 
™ Spec. 2, as a whole by Analysis latter was based upon an elongation at failure of 27°;, 
NE Soup the actual elongation for the similar specimens 1 and 3. 
i—+ Tests of Specimens Consisting of Two Plates Con- 
x nected with a Longitudinal Butt Weld; Series III. 
aN | x | rs Specimens 40 x */4 Inch. 
‘40 S40 The object of the tests of Series III* was to determine 
% rg | ¢ Y | the effect of longitudinal butt welds upon the strength 
* The tests of Series III were commercial tests made for the Linde Air all 
2 ? 5 Products Co. and Section 9 of this Bulletin is taken from the Report of Tests S10 
+ 30 submitted to the company. The report of the tests is included in this Bulletin 
g | | 7 NV, with the knowledge and consent of the company. OI 
WEL | tu 
} | | | th 
Spec. 2 +— we 
( p Str 
a4 the 
0 004 O Q00/ 0002 ace Th 
Strain in laches per sar 
Fig. 23—Stress-Strain Curve for Specimen 2, Series II, b Stress | ing 
In agreement with the tests of Series I, the tests of x +30 8 \ NO 0005p <= the 
The stress-strain curves for specimens 1 and 3, de- 2 \ \ = 
termined by tests, and the one for specimen 2, deter- +20 the 
mined by the analysis described in Section 6, all given in \ p10 Le 
Fig. 24, show a remarkable resemblance. The elonga- 
tion was greater for the welded specimens than for the — ee 4 
control specimen without a weld at loads below the yield ° % \- \ 
point, but was less for the welded specimens than for the a. *® 1 ie 
specimen without a weld at loads above the yield point. 9 \ oe nit 
The welded specimens tested had a higher yield point 7005 | 
(av. 39,300 psi.), and a slightly higher ultimate strength ea THs 
(av. 69,500 psi.), but a lower elongation and reduction % UL 3 
of area than the control specimen without a weld. The “7 vY>T TLS 
welded specimen 3 behaved elastically during the release 4 7 
of the load and during reloading. The average elonga- 
tion in 8 in. for the welded specimens 1 and 3 was 27.2%, “20 yt 
which was higher than for the strip containing the weld ‘ 
for specimen 2 (10.5%). This is believed to be due in Fig. 25—Stress Distribution Under Various Strains, by Analysis; 
part to the smaller ratio of width to gage length for the Specimen 2, Series II 
Y 
306-s WELDING RESEARCH SUPPLEMENT - 1947 


: 
é 
| 
ok 
2 Ata | 
| 
| 
{ 
F 
Sty 
4,43 
x 
; 
ja 
rial 
4 
4 
5 
= : 
| 
— 


II 


hole, 
it to 
more 
peci- 
roxi- 
n the 
3. 

Con- 


III. 


rmine 
ength 
nde Air 


of Tests 
Bulletio 


lage of Plate? 


TABLE 1 
DescrIPTION OF SpeciMENs; Series III 


Specimen No. Welded =, 

Bl.. With Unionmelt No 

9 With Unionmelt No 
: Manual weld No 
C2 Manual weld No 
D1 With Unionmelt Yes 
D2... Asa With Unionmelt Yes 
El Manual weld Yes 
E2 Manual weld Yes 


Fig. 26—Specimens of Series II After Failure 


and ductility of large steel plates when loaded in ten- 
sion. It is known that the simultaneous heating of 
longitudinal strips on each side of a weld to a tempera- 
ture of approximately 500° F. will considerably reduce 
the longitudinal thermal stresses in and adjacent to the 
weld. Tests of welded plates stress relieved and of 
similar plates not stress relieved were made to deter- 
mine whether or not the stress relieving affected the 
strength and ductility of the plate as a whole. Tests 
were also made upon similar plates without welds, and 
the results of these tests were used as a basis for judging 
the performance of the welded plates. 

_ There were duplicate specimens of each of five types. 
The nominal dimensions, shown in Fig. 28, were the 
same for all. The specimens, which differed in the weld- 
ing and stress relieving, are described in Table 1. Speci- 
mens Al and A2 were plates without welds in the as- 
rolled condition. Specimens B and D were welded with 
the Unionmelt process, the B specimens being tested in 
the as-welded condition, and the D specimens being 
Stress relieved. Specimens C and E were welded manu- 
ally with a metallic arc, the C specimens being tested in 
the as-welded condition, and the E specimens being 


Fig. 27—-Fracture of Specimens; Series II 
1947 


RESIDUAL STRESSES IN WELDED STRUCTURES 


stress relieved. The plates for all specimens, except 
one of the A specimens, were from the same heat. The 
physical properties of the plates determined by tests of 
0.505-in. round tension specimens were as follows: 
yield point, 36,000 psi.; ultimate strength, 65,300 psi.; 
elongation in 2 in. 33.5%; and reduction of area, 51.5%. 

The tests were made in the 3,000,000-lb. Southwark- 
Emery testing machine in the Arthur Newell Talbot 
Laboratory of the University of Illinois. The specimens 
were bolted to pin-connected pulling heads as shown in 
Fig. 29. These pulling heads assured an even distribu- 
tion of the stress across the plate. 
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Fig. 29—-Specimen A2 in 3,000,000-Lb. Testing Machine 
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Fig. 30—Location of Gage Lines; Specimen A2 


Longitudinal strains were measured with mechanical 
strain gages over the constant-width portion of the speci- 
men. The location of the gage lines is shown on Fig. 30 
for specimen A2, and on Fig. 34 for the other specimens. 
Strains were read on both sides of the plate in all in- 
stances, and the values reported are the average values 
for the two sides. 

The dimensions of the plates were measured before 
and after testing, the width being measured with a 6-ft. 
rule and the thickness with a micrometer caliper. 

Specimen A2, a plate without a weld, was the first one 
to be tested. Its general appearance is shown by Fig. 
29. In measuring the strain, the distance between gage 
holes was transferred by means of dividers to a steel 
scale graduated to 0.01 in. A complete set of readings 
was taken at the initial load of 60,000 Ib., which cor- 
responds to a unit stress of 2000 psi. The readings at 
this load were used as a base in determining the plastic 
elongation at subsequent loads. 

The plastic elongation in 11 in., on a transverse section 
at mid-length, is shown by the diagrams of Fig. 31. It is 
of interest to note that the elongation was quite uniform 
across the plate at mid-length at a load of 1,800,000 Ib., 
which was only 30,000 Ib. or 1000 psi., below the ulti- 
mate. The elongation after failure varied greatly over 
the section at mid-length, as shown by the upper line of 
Fig. 31, even though the fracture was a considerable dis- 
tance below the center. 

The relation between the average stress and the aver- 
age strain on the mid-section is shown by the diagram of 
Fig. 32 (a). Thisis very similar to a typical stress-strain 
diagram for A.S.T.M., A7 steel as given by tests of 
standard flat tension specimens. 


The vertical elongation of the plate on 11-in. gage lines, 
the average values for the various sections at which 
measurements were made, is shown by the diagram oj 
Fig. 33. In this diagram, the horizontal distance of , 
small open circle from the vertical base line at the left 
represents the average vertical elongation at a section, 
and the vertical position of the same small open circle 
indicates the position on the plate of the section being 
considered. It is of interest to note that the greates 
elongation on an 11-in. gage line occurred about a foot 
below the mid-length of the plate. Figure 29 shows that 
failure occurred at this location. 

There was considerable necking at the section oj 
failure, the minimum width after failure being 33°/, in 
The thickness of the plate at the fracture, the average oj 
the values at eight stations, was 0.506 in. The reduction 
in area was, therefore, from 39.9 X 0.75, or 29.93 sq. in, 
to 33.625 X 0.506, or 17.01 sq. in., a reduction of 43.2°; 
The average elongation was 26. 2% over the entire 77. 
in. gage length and 27.2% over the central 72-in. gage 
length. The greatest average elongation for any 11-in 
gage length was 47.1% for the gage length in which 
failure occurred. The average elongation for the cer- 
tral 8 in. of this 11-in. gage line was 48.7%. 

The maximum load carried by the plate, 1,830,000 Ib 
corresponds to 61,100 psi. The yield-point stress was 
31,000 psi. Both the strength and ductility of this 
plate were very good. There was a very marked elong: 
tion from the time when the maximum load was reached 
until failure occurred. This is consistent with the fact 
that the elongation at the middle section increased from 
13.75% at a load of 1,800,000 Ib. to 30.4% at a load of 
1,830,000 Ib. 

Specimen Al; The test of specimen Al, a plate with 
out a weld, differed from the test of specimen A? in 
that the vertical plastic strain was measured on ‘i! 
gage lines instead of on 11l-in. gage lines. Moreover 
the strains were measured with a strain-gage instead 0! 
with dividers and a scale. In other respects the tes! 
was the same as for specimen A2. The location of tli 
gage lines for specimen Al, and all remaining specimens, 
is shown on Fig. 34. 

The distribution across the plate of the strain on 5 
gage lines at mid-length is shown by the diagrams ' 
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| | | 
T | 
| 
x 3 | | | 
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Xx 6/1/00 1b. per sq. ir. | 58 300 le. per sei. 
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Fig. 31—Elongation on 11-In. Gage Lines 
at Mid-Length, Plate Without Weld; Speci- 


men A2 
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Fig. 32—Relation Between Average Stress and at Mid-Lengtt 


Plates Without Welds; Specimens Al and A 
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Fig. 38—Elongation on 8-In. Gage Lines at Mid-Length; Unionmelt Weld and 


fig. 35. The distribution at a load of 1,500,000 Ib., 
the largest load before failure at which the strain was 
measured, was very uniform. The elongation after 
‘allure is shown by the diagram at the top of the figure. 
The relation between the average stress and the aver- 
*g¢ strain at mid-length is shown by the diagram of 
Fig. 32 (6). The average vertical elongation at various 
sections, measured after failure on 8-in. gage lines, is 
— by the diagram of Fig. 36, which is similar to the 
oan of Fig. 33, previously described. The maximum 
a on any 8-in. gage line, the one whose center 
"as 5 in. below the center of the plate, was 54.5%. The 
om elongation of the whole measured length of 72 
— was 27.87%, and the reduction in area was 44.7%. 
ake 3% shows a considerable reduction in width, and 
midds " that the fracture was a short distance below 
the where the greatest elongation occurred. 
© welded specimens had the same nominal dimen- 
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Manual Weld As-Welded 


sions as specimens Al and A2 but, instead of being a 
single continuous plate, each specimen was made of two 
plates of equal width connected with a single longitudinal 
butt weld. Specimens B1, B2, Dl and D2 were welded 
with the Unionmelt process; specimens B1 and B2 were 
tested in the as-welded condition, and specimens D1 and 
D2 were stress relieved before being tested. Specimens 
Ci, C2, El and E2 were welded with a manually operated 
arc; specimens Cl and C2 were tested in the as-welded 
condition, and specimens El and E2 were stress relieved 
before being tested. The method of testing was the 
same for the B, C, D and E specimens as it was for 
the Al specimen, described in previous paragraphs. 

For each specimen, the experimental data are shown 
by diagrams, and the appearance of the specimen after 
failure is shown by a photograph, these being similar to 
the diagrams and photograph for specimen Al, described 
in previous paragraphs. The plastic elongation in 8 in. 
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on a section at mid-length, for the various specimens, is 
shown by the diagrams of Figs. 38 and 39; the relation 
between average stress and the average strain at mid- 
length is given by the diagrams of Figs. 40 and 41; the 
elongation at various sections after failure is given by the 
diagrams of Figs. 42 and 43; and the appearance of the 
specimens after failure is shown by the photographs of 
Figs. 44 to 53, respectively. 

The results of the tests are summarized in Table 2 and 
are discussed in the following paragraphs. 

Strength.—The values of the yield-point stress for the 
various specimens, given in column 3 of Table 2 and de- 
termined from the stress-strain diagrams of Figs. 32, 40 
and 41, indicate that there was no significant difference 
in the values of the yield point for the various specimens. 


Fig. 39—-Elongation on 8-In. Gage Lines at Mid-Length; Unionmelt Weld and Manua! 


Weld Stress Relieved 


Likewise, the ultimate strength, given in column + “ 
Table 2, had very nearly the same value for all specimens. 
There were, however, two welded specimens for which the 
strength was somewhat lower than the strength 0! the 
plates without welds. The average and = mummun' 
values of the ultimate strength for the plates without 
welds were 59,750 and 58,400 psi., respectively. The 
corresponding average and minimum values of the - 
mate strength for the plates with welds were d,s 

and 56,500 psi., respectively. Two welded specimen’ 

B2 with a Unionmelt weld in the as-welded condition, 
and E2 with a manual weld that had been stress SS 
lieved—had a minimum strength of 56,500 psi., 
equal to 94.6% of the average strength of the two aor 
without welds. The tests reported in Table 2 appar™™. 
would support the following statement: 
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TABLE 2 
Resvu.ts or Tests; Plates with Lonairupinat Butr We tps, Series IIT 


Stress, lb. per sq. in. Elongation, per cent 
Specimen No Description of ——— 
Specimen Yield Ultimate On 72-in. Maximum per cent 
| Point Strength Gage on Any 8-in. 
Length Gage Length 
(1) (2) | (3) (4) (5) (6) (7) 
Al.. AT | Plate without weld 31 000 58 400 27.8 54.5 44.7 
A2. Plate without weld 31 000 61 000 27 .2° 48.7t 43.2 
Av.31 000 59 750 27.5 51.6 44.5 
| Unionmelt weld in as- 33 000 59 500 24.5 42.1 34.4 
B2.. welded condition 31 000 56 500 25.1 47.0 38.3 
} Av. 32 000 58 000 24.8 44.6 36.4 
Cl.. er Tee Manual weld in as- 34 000 60 900 25.0 39.0 30.7 
C2.. wa we welded condition 33 000 60 700 24.2 37.2 29.5 
| Av. 33 500 60 800 24.6 38.1 30.1 
Unionmelt weld treated 33 000 61 800 21.7 33.1 26.3 
D2... Unionmelt weld treated 33 000 59 800 25.3 44.8 39.0 
Av. 33 000 60 800 23.5 39.0 32.7 
El Oe. See Manual weld treated 33 000 62 600 23.0 35.3 29.5 
E2... bate Manual weld treated 33 000 56 500 6.9 8.2 7.2 
Av. 33 000 59 550 15.0 21.8 18.4 


* Measured on a 77-in. gage length and adjusted to the equivalent value for a 72-in. gage length by the use of the diagram of Fig. 33. 
+ Measured on an 11-in. gage length and adjusted to the equivalent value for an 8-in. gage length by the use of the diagram of Fig. 33. 


for the pair that was stress relieved before being tested. 
The low average for the latter pair was due to the ex- 
tremely low value of 6.9% for specimen E2. 

The maximum elongation at failure in a single 8-in. 
gage length is given in column 6 of Table 2. The average 
and minimum values for the two plates without welds 
were 51.6 and 48.7%, respectively. The average and 
minimum values for the two pairs of specimens with 
Unionmelt welds were 44.6 and 42.1%, respectively, 
for the pair tested in the as-welded condition, and 39.0 
and 33.1%, respectively, for the pair that was stress re- 
lieved before being tested. The average and minimum 
values for the two pairs of specimens with manual welds 
were 38.1 and 37.2%, respectively, for the pair tested in 
the as-welded condition, and 21.8 and 8.2%, respec- 
tively, for the pair that was stress relieved before being 
tested. The low average for the latter pair was due to 
the extremely low value of 8.2% for specimen E2. 

The discussion in the preceding paragraphs apparently 
would indicate that the elongation after failure on a 72- 
in. gage length was 90% as great for plates with longitu- 
dinal untreated welds as it was for plates without welds. 
This statement applies to both manual welds and to 
Unionmelt welds. The elongation after failure on a 72 


in. gage length was less for the welded plates that had been 


fig. 37—Specimen Al After Failure, Plate Without Weld 60r— r 
. Ax Stress in /b. per sq.in. \ $9500 | 56500 | 60900 | 60700 
Au Strain over 70-in Gage 245% | 251% | 250% | 242% 
_ The longitudinal welds had no significant effect upon 449 
the strength of the plates. This statement applies to = 
the specimens welded manually, and to those welded 4 A 7 
by the Unionmelt process. It likewise applies to the g# oh 
specimens that were not stress relieved as well as to those 
that were stress relieved. . 3 VA 
Elongation.—The elongation at failure, measured on 
4 (2in. gage length, is given in column 5 of Table 2. N Specimen 8/4 Specimen Be—}- Specimen Cl—}- Specimen C2 
and minimum values for the plates without Weta “Weld 
S were 27.5 and 27.2%, respectively. The average —~ | 
and minimum values for the two pairs of specimens with me 
welds were 24.8 and 24.5%, respectively, for b 
"pair tested in the as-welded condition, and 23.5 and erate 
belo’ for the pair that was stress relieved 7 | 
ry ng tested. The average and minimum values Siradn 


46 and 9 pairs of spe cimens with manual welds — Fig. 40—Relation Between Average Stress and Average Strain 

28-Welde <4.2 0» Tespectively, for the pair tested in the on 8In. Gage Lines at Mid-Length; Unionmelt Weld and 
ed condition, and 15.0 and 6.9%, respectively, Manual Weld As-Welded 
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stress relieved than it was for similarly welded plates not 
stress relieved. The difference was not significant for the 
two plates with Unionmelt welds and for one plate with 
a manual weld, but was very great for one plate with a 
manual weld. 

Character of Fracture-—The variation in the plastic 
elongation across the width of the specimens at mid- 
length is shown by the diagrams of Figs. 31, 35, 38 and 
39, inclusive. It is of interest to note that the elongation 
is quite uniform across the plate at loads up to approxi- 
mately 80% of the ultimate, but that the elongation 
after failure varied greatly across the plate for all speci- 
mens except E2, Fig. 39 (d). The latter had a brittle- 
type fracture on a straight transverse line, as shown by 
Fig. 50. 

The variation in the elongation along the plate is rep- 
resented by the diagrams of Figs. 33, 36, 42 and 43, in- 
clusive. Any horizontal ordinate of these diagrams 
represents the vertical elongation on the section corre- 


sponding in position to the ordinate considered. Fo, 
all specimens except E2, the portion of the specimen 
adjacent to the fracture elongated much more than the 
remainder. This was due to the necking adjacent to the 
fracture, and is characteristic of plastic failures. Speci. 
men E2 had a brittle-type fracture, and the elongation 
shown on Fig. 43 (d) was very uniform over the length 
of the specimen, and had the low average value of 6.9°; 

The character of the fractures is shown by Figs. 29 
37 and 44 to 53, inclusive. The ductile fractures of th: 
plates without welds, specimens Al and A2, are apparent 
from Figs. 29 and 37. The appearance of these speci- 
mens is in accord with the large local elongation in th: 
region of the fracture shown by the diagrams of Figs. 3) 
and 36. 

The fracture of specimen B1, shown in Fig. 44, began 
at the weld and extended slowly across the plate in a 
nearly straight line. The fact that the origin of the crack 
was at mid-width was probably due to the fact that the 
weld metal and heat-affected base metal had a lowe: 
ductility than the unaffected base metal. The diagran 
of Fig. 42 (a) indicates that there was considerable elon 
gation in the region of fracture even though the fractur 
was on a nearly horizontal straight line. The upper lin 
of Fig. 38 (a) indicates that the elongation at failure was 
somewhat greater at the edges than at the vertical cente: 
line. This was due to the fact that the fracture began a! 
the weld and extended slowly to the edges, and the elon 
gation at the edges continued after the fracture had « 
curred at the weld. 

The character of the fracture of specimen B2 is show 
by the photograph of Fig. 45 and the diagrams of Figs 
38 (b) and 42 (6). This fracture began at the weld and 
progressed rapidly to one edge along a straight trans 
verse line, but progressed more slowly and along a «i 
agonal line on the other side of the weld. 

The character of the fracture of the C specimens 1s 
apparent from the photograph of Fig. 46, and the dia- 
grams of Figs. 38 (c), 38 (d), 42 (c) and 42 (d). The 
strength was as great, and the elongation in 72 in. was 
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OW! 
figs nearly as great for both of these welded specimens as for 
and the plates without welds. , 
-ans- The fractures of the D1 and D2 specimens, shown in 4 
i di Figs. 47 and 48, were very similar to the fracture of B2. : 
They began at the weld and progressed rapidly to one 
ns is edge along a straight transverse line, but progressed al 
dia- more slowly and along a diagonal line on the other side ol 
The of the center line. Figure 49 shows that the crack in 
was the weld passed through a gage hole drilled with a No. 
4 drill. Both of the D specimens had a high strength 
ind a fair ductility. The elongation of these specimens 
@ is shown by the diagrams of Figs. 39 (a), 39 (b), 41 (a), 
tl (b), 43 (a) and 43 (6). 
| 
4 
|” 
Fig. 45—Specimen B2 After Failure; Unionmelt Weld As- 
Welded 
Specimen E1 had a high strength and a fair ductility. 
| The elongation is shown by the diagrams of Figs. 39 (c), 
41 (c) and 43 (c). The strength of E2 was 94.6% of the 
pet average strength of the plates without welds, but its 
elongation was very low, being only 25°% of the average | 
elongation of the plates without welds. Moreover, Fig. g 
Qo 50 shows that there was very little elongation or reduc- 2 
tion of area at the section of failure. This was also ‘ 
borne out by the diagrams of Figs. 39 (d), 41 (d) and 4 
eel 43 (d). The macrographs of Figs. 51, 52 and 53 show 
the herringbone pattern characteristic of fractures of 
brittle materials. If the criterion that herringbone 
Pe ei : pattern points to the origin of the fracture’’ holds in this 
4 fig. 44—Specimen Bl After Failure; Unionmelt Weld As- case, Figs. 51, 52 and 53 would indicate that the fracture 
elded began at the right-hand edge and progressed across the 
MAY (947 
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Fig. 46—Specimen C2 After Failure; Manual Weld’ As- 
Welded 


plate. The fracture was instantaneous and was accom- 
panied by a loud report. 

In general, the fractures of plates with longitudinal 
welds began at the weld and extended in both directions. 
The fact that the origin of the fracture was at the weld is 
attributed to the fact that the weld metal and the heat- 
affected base metal had less ductility than the unaffected 
base metal. 


10. Tests of Specimens Consisting of Two Plates Con- 
nected with a Longitudinal Butt Weld; Conclusions 


The results of static tests of specimens consisting of 
two plates connected with a longitudinal butt weld may 
be summarized as follows. 

Series I and II.—The static tests of Series I (specimens 
5 x 7/s in.) and Series II (specimens 12 x °/s in.) were in 


Fig. 47—-Specimen D1 After Failure; Unionmelt Weld Stress 
lieved 
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agreement in that they both supported the following con. 
clusions: 

1. The stress-strain curves determined by tests and 
those determined by the analysis of Section 6 agreed 
closely. The deformation was greater for the welded 
specimens than for a similar control specimen without 
a weld at loads below the yield point, but was less for 
the welded specimens than for the control specimen at 


Fig. 48-—-Specimen D2 After Failure; Unionmelt Weld Stress 
Relieved 


Fig. 49—Fracture of Specimen D1; Unionmelt Weld Stress 
Relieved 


loads above the yield point. The strain of the welded 
specimen was elastic when the load was released from 
above the yield point and reloaded. The welded spect 
mens had a higher yield point, and a slightly highet 
ultimate strength, but a lower elongation and reduction 0! 
area than the control specimens. 

2. The elongation at failure was significantly greate® 
for the welded specimen than it was for the strip conta! 
ing the weld cut from a similar welded specimen. 7 

3. Loading a welded specimen beyond the yield rt 
and then releasing the load greatly reduced the — 
stresses, but did not appreciably affect either the subse 
quent strength or ductility of the specimen. 
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Fig. 50 Specimen E2 After Failure; Manual Weld Stress 
Relieved 


Series III.—The results of the tests of Series III, 
specimens 40 x */, in. with a longitudinal butt weld on the 
center line, may be summarized as follows: 

1. The longitudinal welds had no significant effect 
upon the strength of the plates. This statement applies 
to the specimens welded manually, and to those welded 
by the Unionmelt process. It likewise applies to the 
specimens that were not stress relieved as well as to those 
that were stress relieved. 

2. The elongation after failure on a 72-in. gage length 
was 90° as great for plates with longitudinal untreated 
welds as it was for plates without welds. This state- 
ment applies to both manual welds and to Unionmelt 
welds. The elongation after failure on a 72-in. gage 
length was less for the welded plates that had been stress 
relieved than it was for similarly welded plates not stress 
relieved. The difference, however, was not significant for 
the two plates with Unionmelt welds, and for one plate 
with a manual weld, but was very great for one plate 
with a manual weld. 

3. In general, the fractures of plates with longitudinal 


Fig. 51—Left Portion of Fracture; Specimen E2 


Fig. 53—Right Portion of Fracture; Specimen E2 
1947 


welds began at the weld, and extended in both directions. 
The fact that the origin of the fracture was at the weld is 
attributed to the fact that the weld metal and the heat- 
affected base metal have less ductility than the un- 
affected base metal. For the specimen with a stress- 
relieved manual weld that failed with a brittle fracture, 
the origin of the fracture was at the edge of the specimen. 
4. The plastic elongation of specimens consisting of 
two plates connected with a longitudinal butt weld was 
significantly greater than the elongation of a narrow 
strip containing the weld cut from similar welded speci- 
mens. Moreover, the plastic elongation of specimens 
consisting of two plates connected with a longitudinal 
butt weld was significantly greater for wide specimens 
than it was for narrow specimens, the elongation on an S- 
in. gage length being of the order of 17, 27 and 36°% for 
specimens with widths of 5, 12 and 40 in., respectively. 
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Fig. 54—Specimens with Circular Welded Seams 


IV. Tests to Determine the Behavior Under Static 
Loads of Plates with Circular Welded Seams 


11. Description of Specimens 


The tests were made to determine the behavior under 
static loads of plates with circular welded seams. The 
details of the specimens are shown in Fig. 54 (a). The 
residual stresses in plates with circular welded seams are 
biaxial,* and the tests were planned to determine the 
effect of uniaxial loads on plates containing biaxial re- 
sidual stresses. 

The three specimens used for static tests each had a 
circular welded seam, the diameters of the circles being 
4, 6 and 8 in., respectively, for the three specimens. In 
order to determine the magnitude of the residual stresses 
in the static specimens, the residual stresses in three other 
plates with similar circular welded seams were deter- 
mined by the method of relaxation. The specimens for 
the latter tests are shown in Fig. 54 (c). 

All specimens were cut from a 72-in. x °/s-in. x 5-ft. 
carbon-steel plate. This plate was from the same heat 
as the plate for the specimens of Serics II, Section 8. 
The location of the specimens in the parent plate is 
shown in F g. 54 (d). The chemical composition of the 
plate as determined by mill analysis was C, 0.25%); 
Mn, 0.47%; P, 0.018%; S, 0.027%; and Si, 0.06°%. 
The physical properties of the plate as determined by 
laboratory tests of 1'/2-in. standard tension specimens 
were as follows: 


* There are also highly localized stresses normal to the plate adjacent to 
the welds. 
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The plates used to determine the residual stresses had 
a nominal size of 12 x °/g x 20 in. They were flame cut 
from the parent plate, and the cut edges were machined 
off '/s in. Circular grooves were cut on both sides of 
the plates preparatory to the welding, as shown in Figs. 
54 (6) and 54 (c). The weld consisted of six beads, three 
on each side of the plate as shown in the figure. 

The three specimens used for static tests, shown in 
Fig. 54 (a) had the same d.mensions and details, except 
for the circular welds, as the specimens used in the tests 
of Series II, Section 8. 


12. Determination of Residual Stresses 


Gage rosettes of 2 in. diameter were laid off on both 
sides of the plates, located as shown in Fig. 55. In 
order to relax the stresses, the plates were sawed into 
blocks according to the plan of the same figure. Gage 
readings were taken with a 2-in. Berry gage both before 
and after sawing. The difference between the two sets of 
gage readings gave the recovery of the plates from which 
the residual stresses were computed. 

The residual stresses in the three plates, determined in 
the manner just described, are shown in Figs. 56, 57 and 
58, respectively. Due to the fact that the plates were 
somewhat warped after welding, some plastic deforma- 


tion may have been introduced by clamping during saw 
ing, thus introducing some error in the results. Hoy. 
ever, although the results may not be quantitatively ac. 
curate in every detail, they may be taken as a qualitatiy: 
indication of the order of the residual stresses. 

The results revealed that there were quite large }j 
axial tensile stresses in the weld of all plates and also iy 
the portion of the plates enclosed by the circular welded 
seam for plates with a circular welded seam of smal) 
diameter. Moreover, some residual stresses were of th. 
order of the yield point of the base metal. The residual 
stresses at points near the edges of the plates were pr 
dominantly uniaxial compression parallel to the edges 


13. Static Tests 


Static tests were made on specimens with circular 
welded seams of 4, 6 and 8 in. diameter. The specimens 
had the same outline and were cut from plates of the 
same heat as the specimens of Section 8, shown in Fig. 1°) 
The central portion of the specimens (width, thickness 
quality of steel, size and welding procedure for welded 
circular seam) was the same for the specimen tested 
statically as it was for the specimens of Section 12 used 
in the determination of the residual stresses. It may lx 
presumed, therefore, that the residual stresses in the 
specimens tested statically were of the same order as th 
residual stresses determined for the specimens of Section 
12. The load was applied through pin-connected pul! 
ing heads, the same as for the specimens of Section 8. 

Specimen 1 was a plate with a 4-in. diameter circular 
welded seam at the center. Longitudinal strains wer 
measured on three sections: through the center of the 

circular seam and 5 in. each side of the center 
The position of the gage lines is shown in Fig. 5! 
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(a). There was a distinct drop of the beam at 
an average stress of 35,700 psi., which was taken 
as the yield point of the portion of the plat 
outside the welded seam. The ultimate strength 
of the specimen was 67,500 psi. Failure occurred 
through the upper gage holes at section BB, as 
indicated in Fig. 59 (a); and the fracture, shown 
by the left photograph of Fig. 60, was a shear-type 
failure. The elongation in 2 in. was 48.0°;, and 
the reduction of area 34.1%. The average-stress- 


23 


average-strain curves for the specimen are show» 
in Fig. 59 (a). The fracture of the specimen 1s 
shown in Fig. 61. 
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Fig. 55—-Position of Gage Rosettes; Plates with Circular Welded 


Specimen 2 was a plate with a 6-in. diamete! 
circular welded seam at the center. Longitudi 
nal strains were measured on three sections 
through the center of the circular seam and 9 10 
each side of the center. The position of the 
gage lines is shown in Fig. 59 (6). There was « 


drop of the beam at an average stress of 37,40 
psi, which was taken as the yield point of the 
portion of the plate outside the welded seam 
The ultimate strength of the specimen was 7!),0U' 
psi. The specimen failed through the upper £46 


holes at section BB, as indicated in Fig. 0" \' 


+4 


it 


and the fracture was of a shear type over the 
middle third, and was of a brittle type on the 


outside portions, as shown in Figs. 60 a? 
The elongation in 2 in. was 33.4% and thie recus 


-/0000 


Stress Scale 


tion of area, 23.1%. The average-stress-averagt 
strain curves for the specimen are shown in Fig 
59 (bd). 

Specimen 3 was a plate with an S-in. diam 
eter circular welded seam at the center. >trau! 
were measured on three sections: through the 


longitudina/ Transverse 


Fig. 56 Residual Stresses in Plate Rl i Diameter of Circular Welded 


Seam 4 
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center of the circular seam and 6 in. each = 
of the center. The position of the gage = a 
shown in Fig. 59 (c). There was a drop 0! 
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beam at an average stress of 37,600 psi., which was taken 
as the yield point of the portion of the plate outside of the 
welded seam. The ultimate strength of the specimen 
was 71,200 psi. The specimen failed through the upper 
gage holes at section BB, as indicated in Fig. 59 (c), and 
the fracture was of a shear type over the middle third 
and was of a brittle type on the outside portions, as 
shown in Figs. 60 and 61. The elongation in 2 in. was 
32.7°% and the reduction of area 22.7%. The average- 
stress-average-strain curves for the specimen are shown 
in Fig. 59 (c). 

The results of the static tests of the three specimens 
with circular welded seams are summarized in the follow- 
ing table: 


Reduction 


| 


Ultimate Elongation 
J >, 
Specimen No. | Yield Point Strength | in 2 in. of Area 
| lb. per sq. in. | Ib. per sq. in. | per cent per cent 
Average of two coupon | 
specimens 36 700 | 6s S00 48.3 48.7 
No. 1 35 700 67 500 | 48.0 34.1 
No.2 37 400 70 500 33.4 23.1 
No 37600 | 712000 «| 32.7 22.7 


Specimens 2 and 3 developed a slightly higher yield 
point and ultimate strength than the standard tension 
specimens, but specimen 1 developed a slightly lower 
yield point and ultimate strength. 

All specimens failed outside the circular seam. The 
fracture of specimen 1 indicated a shear failure. The 
fracture of specimens 2 and 3 indicated that the failure 
started at the middle with a shear type of fracture, which 
changed to a brittle type of fracture as it progressed 
from the middle toward the edges. 

The average-stress—average-strain curves for sections 
outside of the welded circular seam are very much alike 
for all specimens. The deformation _at these sections for 
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Fig. 57—Residual Stresses in Plate R2; Diameter of Circular Welded Seam 6 In. 
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RESIDUAL STRESSES IN WELDED STRUCTURES 


loads below the yield point was greater than that for a 
plate without a weld. This fact is due to the presence of 
longitudinal tensile and transverse compressive residual 
stresses in the mid-width portion of the plate at sections 
B and C. 

The average-stress—average-strain curves for the sec- 
tion through the center of the circular seam show no clear 
yield point for any of the specimens. The deformation 
was less for the section through the center of the circular 
seam than for the sections outside the circular seam at 
loads above the yield point. At loads below the yield 
point, the deformation varied according to the diameter 
of the circular seam, and at mid-length was greatest for 
the specimen with a 4-in. diameter seam and, for this speci. 
men, was greater at mid-length than at sections outside 
the seam. The deformation at mid-length was smallest 
for the specimen with an 8-in. diameter seam and, for 
this specimen, it was less than that for sections outside 
the welded seam. 

Specimens 12 x 5/s in. with welded circular seams of 
4-, 6- and 8-in. diameters had biaxial residual stresses in 
the region adjacent to the welded circular seam of the 
order of the yield point of the steel. They failed, how- 
ever, outside of the region containing the weld, and at 
an ultimate load slightly greater than the load carried 
by the specimen of Section 8, which contained no weld of 
any kind but which had the same dimensions and was 
from the same heat of steel as the specimens with welded 
circular seams. 


V. Fatigue Tests of Plates with Longitudinal Butt 
Welds 


14. Fatigue Tests of Plates with Longitudinal Butt Welds, 
Preliminary Series 


Fatigue tests were made to determine the effect of 
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Fig. 58 Residual Stresses in Plate R3; Diameter of Circular Welded Seam 8 In 
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Fig. 59—Average-Stress-Average-Strain Curves for Specimens with Circular Welded Seams 


residual stresses upon the fatigue strength of plates with 
longitudinal butt welds. Four specimens were used in 
the preliminary tests. They were from the same parent 
plate and were geometrically identical with the specimens 
used in the static tests of Series I, Section 7. The details 
of the specimens, and the welds and the location of the 
specimens in the parent plate are shown in Fig. 10. 

Specimen 2, the first specimen to be tested in fatigue, 
was tested in the as-welded condition on a cycle in which 
the stress varied from zero to 30,000 psi. tension. It 
failed at 253,000 cycles. The fracture, shown at the 
top of Fig. 62, started in the weld at a section near the 
end of the constant-width portion. The remaining 
specimens were tested after the reinforcement had been 
removed. 

Specimens 1, 4 and 5 had their surfaces planed and 
draw-filed before being tested. The stress cycles for 
specimens 1, 4 and 5 were +26,000 to — 26,000 psi., 
+20,000 to —20,000 psi. and +16,000 to — 16,000 psi., 
respectively. The cycles for failure for the same speci- 
mens were 19,900, 213,000 and 195,000, respectively. 
The fracture started in the weld at a section near the end 
of the constant-width portion for all specimens. The 
fractures were much alike and there were no flaws in 
any of the welds. A photograph of specimen 4 after 


Fig. 60—Specimens with Circular Welded Seams After 
Failure 
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Fig. 61—Fracture of Specimens with Circular Welded Seams 
failure is shown at the right of Fig. 63. 
of specimens 2 and 4 are shown in Fig. 62. 


15. Fatigue Tests of Plates with Longitudinal Butt Welds; 
Final Series 


The fractures 


Twelve specimens, made from a single 72- x 7/s- X “0- 
in. carbon-steel plate, were tested in fatigue for the 
final series. Each specimen, except 1 and 7, had a longt- 
tudinal butt weld on the center line. Specimens | and 
7, which had no welds and which were cut from the same 
parent plate as the welded specimens, were used as coll- 
trols. Welded specimens 2, 6, 9 and 10 were stress re 
lieved by prestressing beyond the yield point before test- 
ing in fatigue. The details of the specimens and of the 


Fig. 62—Fractures of Specimens 2 and 4; Preliminary Fatigue 
Tests 
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TABLE 3 


stress cycle, NV is the actual number 
of cycles for failure, K is an experi- 
mental constant and F is the fa- 


tigue strength corresponding to 


16000 failure at m cycles. A value of K 
ries of Ib. per sq. in. = 0.13 was used for these tests. 
Specimen Description Cocke Cycles for The limited number of fatigue 
ailure tests of plates 5 x 5/s in., with sur- 
| | faces machined and draw-filed, indi- 
1 Planed and draw-filed + 26 19 900 | 21.5 | — 1. Plates with longitudin ul butt 
‘ _ Planed and draw-filed +20 | 213000 | 22.0 lee welds had a somewhat lower fatigue 
strength than similar plates without 
| Av. 20.. 
Plates Without Welds; welds. This was true for speci- 
} I raw-filec + 22 2 
: Planed and draw-filed +20 | 776000 | ay. 36 17.9 mens that had been stress relieved 
Av. 26.0 18.2 nreatreasi lot 
| Welded Specimens: | by prestressing to the yield point as 
4 Planed and draw-filed +20 187 000 | = 21.4 ‘ag well as for specimens that had not 
3 Planed and draw-filec +18 1 105 000 7.0 
5 Planed and draw-filed +16 961 000 a 14.8 been stress relieved. ; 4 : 
Plened | 547 000 | 2. Welded plates with high resi- 
Welded Specimens Pulled | ls dual stresses had a slightly lower 
to Yield Point; | > > — 
2 Planed and draw-filed +22 84 900 | 21.6 Atm fatigue strength mn the as-welded 
9 | Planed and draw-filed condition than similar plates stress 
10 *laned and draw-file« +20 | 6: 24. | 5.5 . 
f | Planed and draw-filed +16 | 1 670 000 pa | 15.7 relieved by pulling to the yield point, 
but the difference did not exceed 
the scatter of the various tests. 
VI. Summary 
16. Summary 


Fig. 63—Fatigue Specimens After Failure 


welds and the location of the specimens in the parent 
plate are shown in Fig. 64. The physical properties of 
the plate as determined by laboratory tests of 1'/»-in. 
standard flat specimens, the average of six tests, were as 
follows: yield point, 32,820 psi.; ultimate strength, 60,930 
psi; elongation in 8 in., 30.9%; and reduction of area, 
02.2%. The surfaces for all specimens were machined 
and drawfiled. The fractures for specimens 3 and 5 are 
shown in Fig. 65. 

A description of the specimens, the stresses in the 
Py cycles and the number of cyles for failure for both 
. type and the final series of tests are given in 
a “ The two columns at the right give the fatigue 
2.000000 corresponding to failure at 100,000 and 
aul . cycles. These values were obtained from the 
ea ; on in the stress cycle, and the actual number of 
ailure, by the use of the empirical equation, 

= S(NV/n)*, in which S is the actual stress in the 
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The static tests of Series I and II, specimens 5 x 7/, in. 


and 12 x 5/s, in., respectively, each consisting of two 
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Fig. 64—Specimens Used for Final Series of Fatigue Tests; 
Plates with Longitudinal Butt Welds 


Fig. 65-—Fractures of ween ae 3 and 5; Final Fatigue 
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plates connected with a longitudinal butt weld, were in 


agreement in that both series supported the following 
conclusions: 


t. The stress-strain curves determined by tests and 
those determined by the analysis of Section 6 agreed 
closely. The deformation was greater for the welded 
specimens than for a similar control specimen without a 
weld at loads below the yield point, but was less for the 
welded specimens than for the control specimen at loads 
above the yield point. The strain of the welded speci- 
men was elastic when the load was released from above 
the yield point and the specimen reloaded. The welded 
specimens had a higher yield point, a slightly higher 
ultimate strength, but a lower elongation and reduction 
of area than plates without welds used as control speci- 
mens. 

2. The elongation at failure was significantly greater 
for the welded specimen than it was for the strip contain- 
ing the weld cut from a similar welded specimen. 


3. Loading a welded specimen beyond the yield 
point and then releasing the load greatly reduced the 
residual stresses, but did not appreciably affect either 
the subsequent strength or ductility of the specimen. 

The results of static tests of Series III, specimens 40 x 
*/, in., consisting of two plates connected with a longi- 
tudinal butt weld, may be summarized as follows: 

4. The longitudinal welds had no significant effect 
upon the strength of the plates. This statement applies 
to the specimens welded manually, and to those welded 
by the Unionmelt process. It likewise applies to the 
specimens that were not stress relieved as well as to 
those that were stress relieved. 


5. The elongation at failure on a 72-in. gage length 
was 90% as great for plates with longitudinal untreated 
welds as it was for plates without welds. This statement 
applies to both manual welds and to Unionmelt welds. 
The elongation after failure on a 72-in. gage length was 
less for the welded plates that had been stress re- 
lieved than it was for similarly welded plates not stress 
relieved. The difference, however, was not significant 
for the two plates with Unionmelt welds and for one 
plate with a manual weld, but was very great for one 
plate with a manual weld. 

6. In general, the fractures of plates with longitu- 
dinal welds began at the weld and extended in both di- 
rections. The fact that the origin of the fracture was 
at the weld is attributed to the fact that the weld metal 


and the heat-affected base metal have less ductility than 
the unaffected base metal. 

7. The plastic elongation of specimens consisting of 
two plates connected with a longitudinal butt weld was 
significantly greater than the elongation of a narrow 
strip containing the weld cut from a similar welded speci- 
men. Moreover, the plastic elongation of specimens 
consisting of two plates connected with a longitudinal 
butt weld was significantly greater for a wide specimen 
than it was for narrow specimens, the elongation on an 
8-in. gage length being of the order of 17, 27 and 36% 
for specimens with widths of 5, 12 and 40 in., respectively. 

The results of static tests of plates with circular 
welded seams may be summarized as follows: 

8. Specimens 12 x 5/s in., with welded circular seams 
of 4, 6 and 8 in. diameters, had biaxial residual stresses 
in the region adjacent to the welded circular seam of the 
order of the yield point of the steel. When tested stati- 
cally, they failed outside of the region containing the weld, 
and at an ultimate load slightly greater than the load 
carried by the specimens of Section 8, which contained 
no weld of any kind, but which had the same dimensions 
and were from the same heat of steel as the specimens 
with welded circular seams. 

A limited number of fatigue tests of plates 5 x 7/¢ in., 
with surfaces machined and draw-filed, indicate that: 

9. Plates with longitudinal butt welds and with sur- 
faces planed and draw-filed had a somewhat lower fatigue 
strength than similar plates without welds. This was 
true for specimens that had been stress relieved by pre- 
stressing to the yield point, as well as for specimens 
that had not been stress relieved. 

10. Welded plates with high residual stresses had a 
slightly lower fatigue strength than those stress relieved 
by pulling to the yield point, but the difference did not 
exceed the scatter of the various tests. 
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Abstract 


The ability of a metal to yield when an overload occurs is duc- 

tility, while its lack is called brittleness. This paper presents the 
efiect of welding on this property. Twelve different methods were 
used to weld A-212 steel plates. The results indicated that, for 
the steel tested, the welding techniques could be divided into two 
general groups on the basis of the brittle transition temperature: 
|) E 6010, E 6020, and oxyacetylene hand welding showed that 
either the heat-affected zone or the weld metal was less ductile than 
the base plate; (2) Unionmelt and HTS techniques both exhibited 
the most favorable conditions for applications where ductility is 
required, with the weld metal more ductile than the unaffected 
plate; (3) The zone of embrittlement was located from about '/; 
inch to 1 inch from the center of the weld or about '/, inch to */, 
inch from the edge of the weld; (4) The speed of welding when 
varied within the limits of commercial practice, had little effect 
on the ductility of the weldments. 


Introduction 


HE importance of welding in the manufacturing, 
building and construction industries is well ap- 
A preciated, especially in view of the added impetus 
given it during the war. The judicial and skillful com- 
bmation of prefabrication and welding assemblage in 
the shipbuilding industry, for example, opened up vistas 
“mass production hitherto unheard of. Along with 
the new techniques and methods came new problems 
and new unknowns. Consequently, the designer trying 
‘0 follow these new developments has been confronted 
with many uncertainties in the proper selection of weld- 
ing techniques. 
In order to make rational designing possible wide 
Scale industrial research has been instigated, the purpose 
* which was to reveal all important factors and to obtain 
{ualitative, and possibly quantitative relationships 
‘mong these factors. This paper as a part of the above 
‘search presents certain fundamental facts concerning 
Welding techniques. 
‘1 testing materials certain properties are intrinsic to a 
Pea and independent of testing conditions while 
ot “ts are a function of time as well as of those proper- 
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ties. In engineering practice the former are speken of 
as static and the latter as dynamic properties. For prac- 
tical design purposes such a division is useful, even 
though some of the properties commonly accepted as 
static might upon strict analysis be proved to be dynamic, 
as for instance hardness measurement or the ordinary 
tensile test. 

Knowledge of the dynamic properties of materials and 
weldments is essential to design. Even in cases where 
structures and machine parts must hold to strict dimen- 
sions the design should permit plastic deformation 
rather than fracture in the event of unforeseen overloads. 
Such knowledge comes only from study of the dynamic 
properties of materials. 

The ability of a metal to yield when an overload occurs 
is called ductility, while its lack is called brittleness. If 
then a material can absorb only a small amount of elastic 
energy before failure it is classed as a brittle material, 
and a material which absorbs in addition to this small 
elastic energy the very much larger quantity of energy 
which occurs during yielding is called a ductile material. 
Unfortunately, there is no single test that can quantita- 
tively evaluate or measure the ductility or brittleness of a 
material. Furthermore, since there is no completely 
ductile or brittle material, many of the tests are merely 
relative indications of such properties. One type of test 
that is quick and economical is the impact test in which a 
notched bar is broken by a swinging pendulum and the 
energy absorbed by the test specimen is used as a relative 
indication of the ductility of the material. 


Factors in Brittleness 


A material may be ductile or brittle according to the 
mechanical conditions under which it is tested.(': * '').* 
The factors determining the relative ductility or brittle- 
ness, according to present knowledge are: (1) Material; 


(2) Testing Temperature; (3) Velocity of deformation 
and (4) Constraint. 


The material factor includes chemical and metallurgi- 
cal composition. Past history and heat treatment are 


+ Numbers in parentheses refer to Bibliography at the end of the paper. 


il 
n 
n 
/ 
1S 
eS 
he 
d, 
ad 
ed 
ns 
ns 
ur- 
sue 
ras 
re- 
ens | 
da 
ved 
not 
mern. 
hlbau, 
York, 
From 
¢ 
3 
MAY 


ELECTRONIC 


OPERATING OADING 
LEVER 


Transition Ductile 
Region ~ Failure SP GAGE THERMO- 
“7 SWITCH , COUPLE 


Energy of Rupture 


Zener 
& 


Bote  ‘Hollomon 
Increasing Tempereture 


Decreasing Rate of Load Appiication—~ 
Decreasing Transverse Stresses 


Fig. 1—Effect of Temperature, Rate of 
Loading and Transverse Stresses on the 
Type of Failure 


Fig. 2—Photomicrographs of S.A.E. 1020 Steel Used in Tests 


then a part of the material factor. The testing tempera- tration effects, residual stresses, transverse stress and 
ture and velocity of deformation are self explanatory any other conditions.producing a certain stress system at 
terms. or in the neighborhood of fracture. Perhaps the best 

Constraint includes size effect, stresses due to geome- way to think of constraint is as a combination of the three 
try, degree of triaxility, notch and other stress concen- principal stresses. It is the constraint factor that is most 


Table 1—Welding Data 


10H 20H 


Welding E6010 E6010 56010 D.C, D.C. D.C. Oxy- Union Melt 80 gr 
Technique Reversed |Reversed | Reversed | Acetylene 20 xD Power A.C, 
Welding 3/6" a.P. x 14" 1/4," D.H. x 18" Murex Type HTS Oxy-Weld 1/4 in, No. 36 
Rod 


No. 1, H.T. 


Amperes 160 190 220 295 335 160 200 240 - 850 ane 960 


32 
33 


Volts 27.0 29.5 29.5 37.0 42.0 


Actual Weld 
Minutes 57 37 59 25 45 


Speed, Inches .401 2439 2874 2970 - - - 10 15 17 
per Second 7 ll 13 
Total Energy 50,000 770,000 | 910,000 | 700,000 | 790,000 - - - 73 cu ft | 470,000 | 340,000 | 305,000 


Input, 


In. 


Weight of 
Welding Rod 


Lined. i i i i i 2 2 2 

Max, Temp. 540 520 620 570 570 575 625 575 - o Pa - 

Reached °F 

Number of 10 10 10 10 10 hR R 10 4 2 2 2 

Joint Vee 1/8" Separation Between Plates 90° Vee Assembled With 5°|90° Vee 90° Vee A o Vee 

Design Reverse Bend Groove - lst Side in, | 
Side 3/8 in, Deep. Nose~5/1t 
(Centrally Loceted Unbeveled 

Laboratory Westinghouse Research Laboratories Metal & Thermit Corp. Union Carbide and Carbon hesearch Labs. 

Where East Pittsburgh, Pa New York Niagare Falls, N.Y. 

Performed 

Remarks I-Ray I-Ray I-Ray 


Acceptable jAcceptable 


* plate Allowed to Gool Down to 200°F Between Passes 


P Temperature Estimated With Tempilstiks After Each Pass, 
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Table 2A—Chemical Composition in Per Cent, and Physical Data of Base Plate Metal 


-CHEMIGAL COMPOSITION IN PERCENT, AND PHYSICAL DATA OF BASE PLATE METAL 
Designation 10L 10A 10H 20A 20H SL SA SH G UL UA UH 
Carbon 0.211 0.216 0.204 0.208 0,22 0.214 0.23 0.207 0.203 0.21 0.226 0.21 
-50 50 50 250 -50 50 50 251 251 
Silicon .20 .21 .20 .20 .20 .20 
Sulphur 035 028 033 032 017 031 042 032 039 039 
«Phosphorus 012 013 010 012 019 009 
Nickel 204 06 210 208 08 +04 .09 
Copper } 226 227 025 225 027 025 025 226 027 025 225 
Titanium 005 2005 2005 2005 2005 2005 2005 2005 
Vanadium? [<005 |<,005 | <,005 | <,005 |<.005 |<.005 | <.005 | <005 | <.005 | <005 | <.005 | <,005 
Nitrogen 2 |<,005 <.005 | <,005 | <.006 |<.008 | <.005 | <.006 | <.006 | <.005 | <.005 | <.008 <..005 
Heat Number 9021 98691 
Yield Point 4 41,080 psi 36,940 psi 
Tensile Strength § 70,470 psi 71,840 psi 
Percent Elongation g 25 26 


* Two Different Methods 
1 Spectrographic 

2 Wet Chemical Analysis 
3 Mill Test Reports 


difficult to evaluate. A complete understanding of the 
results of transition temperature studies would depend 
upon adequate definition and concept of this factor. 

The qualitative relation between energy of rupture and 
temperature, velocity or constraint taken one at a time 
with the other two abscissae factors kept constant is 
shown in Fig. 1. It is thus evident that if the tempera- 
ture be lowered with velocity and constraint kept con- 
stant, the material first exhibits a ductile type of failure 
with the absorption of large amount of energy, then 
passes through a transition region and thereafter absorbs 
very little energy in brittle failure. The temperature at 
which this transition takes place is designated as brittle 
transition Throughout the pres- 
‘nt investigation notched-bar specimens with the same 


dimensions were used (see Fig. 6), thus keeping the con- 
straint factor constant; in addition, tests were performed 
at the same rate of deflection keeping this factor constant 
also. Variables in this research were thus material and 
transition temperature. Therefore, the transition tem- 
perature values obtained yield comparable and quantita- 
tive results for the evaluation of the material of the dif- 
ferent welding techniques. 


Various Welding Techniques Investigated 


Twelve different welding techniques were performed on 
15 x 24 x 1 in. steel plates of A-212 grade. Table | pre- 
sents all the pertinent welding information. As it may 


Table 2B—Chemical Composition in Per Cent, Weld Metal 


Designetion | 10L 10A 10H 20A 20H SL SA SH G UL UA UH 
Carton 0,12 0,086 0,08 0.08 0.108 0.09% 094 0.084, 0.17 0.16 0.166 0.16 
Silicon 221 21 19 017 233 19 029 228 +27 

Phosphorus .014 015 O14 020 2019 014 .012 022 .013 014 C1, 
Nickel 051 051 032 070 039 039 077 19 
Copper +10 .06 .08 .09 .07 £10 .09 .07 .07 .08 
Molybdenum O11 006 009 010 C16 015 015 
Chromium 2047 042 .019 2023 +047 = 
.005 | <.005 203 02 <.005 | <.005 | <.005 | <.005 

un ©.005 |<.005 |<.005 |<.005 | <.005 | <.005 | <.005 | <.005 | <.005 <.005 
1 
Spectrographic 
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Fig. 3—Close-up Specimen Section with Notched-Bar Support in Place 


be seen from this Table the five major type of techniques 
investigated were E 6010, E 6020, HTS, Oxyacetylene 
and Unionmelt. Three of each of these type of techni- 
ques were performed at three different rates of heat in- 
put; one at two rates of heat input; and only one rate of 
welding was used for the oxyacetylene technique. All 
the welded plates were tested without any subsequent 
heat treatment. 

Tables 2A and 2B give the chemical analyses and 
other physical data for the base plates and the weld 
metals. 

At the conception of these tests little information was 
available regarding the effect of welding technique on 
the brittle transition temperature,“'® hence no attention 
was paid to securing a single steel plate for all the tests. 
Nine out of the twelve plates came from the same heat, 
while the three Unionmelt plates came from another 
heat. The importance of the welding technique became 
apparent only after several of the plates were tested at 
which time a single steel plate was sought with uniform 
transition temperature characteristics. No such plate 
has been obtained up to the time of the writing of this 
article. If such a plate will become available some of the 
techniques may be retested and compared with the pres- 
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Fig. 5—Location of Specimens in Welded 
Plate 


ent results. It should be pointed out, however, that 1 
all the tests performed in this laboratory, commerciall 
available steel products are used in order to obtain pra‘ 
tical and representative results. Some metallurgists ar 
of the opinion that the temperature variation encoun 
tered in the base-plate metal is typical and of no serious 
concern (See also Appendices C and D). 


Apparatus 
The testing equipment is designed to load a specime 
at a given uniform speed and temperature and to obtat 
a load deflection record of the test. AB-7, SR-4 clectr' 
strain gages connected into a bridge circuit are used t 
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Fig. 4—A.-C. Bridge Electronic Recorder Panel Connections 
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Al of the set-up include the loading machine with strain 
gages, the thermocouple and millivoltmeter, stop watch, 
electronic recorder and a still camera. 
The loading device is a lever system that transmits the 
=o a load to the specimen resting on a suitable support. The 
support, specimen and electric strain gages are housed 
in an Aminco “Sub-zero Test Cabinet.’’ The cabinet 
can be cooled to —100° F. by forced circulation of dry 
ice, and the specimen can be further cooled by pouring 
liquid nitrogen around it. 
The temperature is measured by a calibrated copper 


4 measure both the load and deflection. The integral parts 


3 constantan thermocouple and a continuously reading 
millivoltmeter. 
wv The time of testing is measured either by the axis of 


the electronic recorder that places a “‘dot’’ on the load- 
a deflection record at regular time intervals, which is suit- 
ly = able for high-speed tests; or by a stop watch at the 
| slower speeds. 
| An A.C. Bridge system is used whereby a 5500 cps. 
ra amc voltage is fed into the load bridge and the deflection 
ete bridge with the resulting unbalance from loading or de- 
a. flecting detected, amplified and sent toa 3FPI tube. A 
<& record is made with a still camera. In the load bridge 
and in the deflection bridge each of the four arms is an 
2 AB-7, SR-4 strain gage. 
oT The overall and detailed pictures and the electronic 
panel connections are shown in Figs. 2 to 4. 


Test Procedure 


The notched-bar test specimens (see Fig. 6) were freely 
Fig. 6—Notched Bar Specimen supported on knife edges 5'/. in. apart; the notch was in 
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Table 3—Transition Temperature ° F., at a Deflection veaoety of 0.2 In. 


P 


Designation 10L 10A 10H 20A 20H 


SL SA SH UL UA 


Distance 
from Center 
of Weld, 
Inches 


-130 


the middle of one side of the bar perpendicular to the 
length of the bar. The load was applied on the side op- 
posite the notch. 

The specimen was first cooled to a temperature that 
was expected to be slightly above the ductile-brittle 
transition temperature. A central bending load was 
imposed upon the bar. If the specimen started to yield it 
was still in the ductile region at the chosen speed. The 
test was then stopped and the same procedure was re- 
peated at a lower temperature, separate record being 
obtained for each test. This was carried out until the 
specimen failed with a very slight amount of yielding. 
A new specimen was then tested at the same speed but at 
a lower temperature to eliminate the possible effects of 
the cold working of the probing specimen. This proce- 
dure was repeated until the exact transition temperature 
was determined. 

If the first test had shown a brittle failure, the proce- 
dure would have been reversed by going to a higher tem- 
perature. The advantage of starting above the transi- 
tion temperature is that the same specimen can be used 
for several trials until final failure. 
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Fig. 8—Defl. Vel. vs. Trans. Temp., Plate SA 


Results 


Twelve welding techniques were investigated. The 
brittle transition temperatures of the weld metal and the 
welded plates at different distances away from the weld 
metal were determined. This method revealed the most 
ductile and brittle zones in the welded plates. It also 
indicated that the transition temperature of the base 
plate remained unaffected beyond about four inches 
away from the weld. The tabulated results are pre- 
sented in Table 3. A plot of the transition temperatures 
vs. distance from weld center is shown in Fig. 7. The 
results were modified to bring all temperatures for the 
unaffected base plate to the same average value. For 
details of the construction of these curves, see Appendix D 


Discussion 


The tests revealed the paramount effect that the weld- 
ing technique has on the brittle transition temperature 0! 
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Fig. 9—Defl. Vel. vs. Trans. Temp., Plate UA 
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Fig. 10—Defl. Vel. vs. Trans. Temp., Plate G 
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welded steel plates. The transition temperature of the 
weld metals varied from —30° F to —140° F. Thereisa 
wide fluctuation of transition temperature between the 
center of the weld and the unaffected base plate. The 
heat-affected zone extends from the edge of the weld to 
from one to three inches away from the center. 

The oxyacetylene weldment showed that the weld 
metal was the least ductile and the material became in- 
creasingly more ductile away from the weld. 

The E 6010 technique resulted in a weldment where the 
weld metal and the base plate were about equally ductile. 
This ductility decreased, however, half an inch away 
from the center of the weld. 

Similar trend was observed in the E 6020 technique 
with the weakest zone being from one to one and a half 
inches away from the center of the weld. 

The weld metal was more ductile than the base plate 
in both the HTS and Unionmelt plates. The ductility 
gradually decreased from the center of the weldment to- 
ward the base plate. 

The speed of welding was varied within commercially 
feasible limits. In comparison with the welding tech- 
nique this factor had much less influence upon the brittle 
transition temperature of the weldments. 
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In general it was observed that the greatest loss of duc- 
tility occurred from '/, to 1 in. from the center of the 
weld, or about '/, to */, in. from the edge of the weld. 
These latter figures were based upon an average weld 
metal width of '/2 in. at the center of the plates, i.e., at 
the level where the notches were located. 

After several of the plates were tested it became ap- 
parent that there was some variation in the base plate 
materials. Since the plates were welded in the “as. 
rolled’”’ condition and tested without any subsequent 
heat treatment, the variation in the transition tempera- 
ture of the base plates may have been due to rolling 
effects. To check the validity of this assumption, sey- 
eral notched-bar test specimens were machined from five 
different plates (10L, 10H, 20H, SH and G) and were 
fully annealed. The transition temperature of these 
specimens was —100° F. and no variation among the 
plates was detected. 


Conclusion 


1. The welding technique has a marked effect upon 
the ductility or brittleness of a welded plate or structure. 
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2. The results indicated that, for the particular steel 
investigated, the welding techniques could be divided 
into two general groups on the basis of the brittle transi- 
ton temperature: (a) E 6010, E 6020, and oxyacetylene 
land welding showed a loss of ductility either in the heat- 
flected zones, or in the weld metal; (b) Unionmelt and 
HTS techniques both exhibited favorable conditions for 
‘ppliations where ductility is a prime requisite. The 
weld metal was more ductile than the base plate, while 
a zone was only slightly less ductile than the 
ase plate. 

». The greatest loss of ductility occured in a zone that 
was located from about !, 2 to 1 in. from the center of the 
weld or about '/, to */, in. from the edge of the weld at 
‘he level of the notches in the plate. 

'. The speed of welding, when varied within the 
“its ol commercial practice, had little effect on the 
“uctility of the weldments. 
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Relationship Between Deflection Rate and Transition 
Temperature—The results of the investigation reveal 
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that the transition temperatures for the different weld- 
ments ranged from —30° F. to —140° F. (see Table 3). 
While a designer may come across with some applications 
where operating temperatures of the same order of mag- 
nitude are encountered, for many purposes it would be 
desirable to translate the results to room temperatures. 

There are quantitative expressions correlating deflec- 
tion velocity and testing temperature. In the present 
investigation all the tests were carried out in the elastic 
range well below room temperature. For this condition 
the relationship between deflection velocity and testing 
temperature is 


In V = C—Q/RT 


where V is the deflection velocity, C a material constant, 
Q the heat of activation of the material, R the molal gas 
constant and 7 the absolute temperature of testing. 
The derivation of this expression and its validity has 
been thoroughly covered in the '*) Thus, 
a Straight line is obtained if the logarithm of the deflec- 
tion velocity is plotted against the reciprocal of the ab- 
solute temperature of testing. This property was 
utilized throughout this investigation and it provides a 


WELD TRANS. ZONE 
a * 


BASE PLATE 


convenient means of extrapolation from very low tem. 
peratures (close to absolute zero) up to room tempera. 
tures. 

Figures 8 to 11 present the relationship between de. 
flection velocity and transition temperature for four 
welding techniques. These curves are representative 
and typical of the other techniques investigated. 

These curves should facilitate the comparison and 
evaluation of the results at temperature levels different 
from those presented in Table 3. As it was pointed 
out before in the paragraph on ‘‘Factors in Brittleness 
higher transition temperature may be obtained only with 
an increased velocity of deformation, other factors being 
held invariant. Therefore, it is recommended in the us 
of these charts to select a suitable deformation rate and 
use that as a basis for comparison. 


Appendix B 


Figures 12 to 15 present a pictorial and graphical sum- 
mary of some of the properties of the materials invest: 
gated and the results obtained. The techniques selected 
are typical and representative. 
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Fig. 15—Metallographic and Physical Survey, Plate 10L 
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Table 4—Sample Calculation for Modification of Results 


of Table 3 

Position from weld—in. 0 1 2 4.5 
Actual Transition 

Temp. —30 -50 -65 -65 —-—100- —100 

of Unaff. Base Plate 

Corr 0% 0% 25% 50% 100% 100% 
Degrees Fahr. Corr. 0 0 3 +5 +10 +410 
Modified Transition 

Temp. for Plot —30 -50 -—-63 —60 —90 —90 

Appendix C 


The Effect of the Location of the Notch in the Weld.— 
Che plates used in these tests were | in. thick; the speci- 
nens were 1 in. square with a '/) in. deep notch. The 
specimens were machined from the plate in such a direc- 
tion as to be lengthwise to the direction of rolling, with 
the notches transverse to the rolling direction (see Fig. 5). 

The macrostructure of the weld reveals that it consists 
i two uneven segments (see Figs. 12 to 15). Therefore 
there are three possible ways of locating the notch in the 
veld metal as shown in Fig. 16. 

To study the effect of the location of the notch in the 
veld on the brittle transition temperature, a number of 
specimens from the Unionmelt plates were prepared with 
‘ie notch parallel to the weld, but located in the smaller 
ead, as shown in sketch B. 

_ The tests showed that for specimens with the notch in 
ie smaller bead the transition temperatures in the case 
' one technique was about 10° F. higher than and in the 
‘se ol another technique was the same as specimens with 
‘ne notch in the larger beads, other conditions being 
(ual. Thus, for the former case the weld metal was on 
‘ average somewhat more brittle. For practical pur- 
oses, this difference may be neglected. An examination 
‘ the photographs and diagrams reveals that in both 
‘stances the root of the notch was in the larger bead, 
“ius the results seem congruent, 
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The tabulated results in Table 3 show the brittle duc- 
tile transition temperature for a deflection velocity of 0.15 
in. per.sec. and for the constraint of the specimen in Fig. 
6. It is to be noted that the results for the unaffected 
base plate material among the various techniques are 
not the same but vary over a range of 25° F., i.e. from 
—75° F.to—100° F. Anattempt is being made to obtain 
a more uniform base plate than ordinary available com- 
mercially. To give the designer a working tool in the 
meantime the following modification is presented in 
which all the unaffected base plates have been corrected 
to the same transition temperature, i.e., the average of 
the above range —90° F. It is assumed that all mate- 
rial at 4.5 in. are then corrected to —90° F. This cor- 
rection of unaffected base plate material is *|%: F. for 
the extreme cases. At 2 in. from weld the correction ts 
assumed to be still the full correction for unaffected base 
plate. At 1 in. from weld the correction is arbitrarily 
reduced to 50% of the unaffected base plate correction ; 
at '/.in. to 25% and at '/,in. and at the weld center 0%. 
These last two points by macroetch are indicated to be 
weld deposit material that need not be corrected. The 
following sample table shows this method applied to 
oxyacetylene welded sample, designated as “G.” 

By the above method the actual results have been 
modified to give the curves of Fig. 7. For the 0 and '/, 
point there can be no error. For the 4.5 in. point by 
assumption all unaffected base plate has the same result. 
For most cases the 2 in. point is also unaffected and by 
assumption therefore has no error. The real error would 
then occur at the '/, in. and 1 in. points and this error 
is not likely to be more than 5 to 10° F. In spite of the 
fact that this is not an actual plot of data, the probable 
error is so small that it was thought worth while to pre- 
sent this in the modified form. 
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Discussion of the Paper 
“Brittle Transition Tem- 
perature of Steel as Affected 
by Welding Technique”’ 


By Wendell P. Roopt 


another try at learning how to make good welds. 
This appearance is deceptive. It contains some 
important features which deserve added emphasis. 

First of these is full and explicit acceptance of ductil- 
ity as a measure of the value of a welded joint. Not 
that this is a novelty, for angle of bend before fracture in 
slow-bend tests has long been used as such a criterion. 
Nevertheless, nominal strength has still had first atten- 
tion in many recent experimental studies. 

Now fracture begins at points of concentration and it 
is conditioned more by the limit of the reserve of ductil- 
ity at such points than by overstressing. The cause of 
failure is overstrain. So long as the metal can still flow 
it will not break. 

Concentrations of stress and strain are localizations in 
space. There is also another form of localization, equally 
important but seldom recognized as clearly as here. I 
refer to localization in time. The shock load, of high 
intensity and brief duration, is the prime example of the 
dynamic conditions of which the authors speak. 

A simple method is available for estimating the nomi- 
nal static equivalent for such a load. In effect, the ratio 
of the static equivalent of a transient load to its peak 
value is equal to the product of the mean or effective 
duration of the transient and the circular frequency of 
the structure. 

For both localizations, that in space and that in time, 
ductility is the cure. And, in fact, both these localiza- 
tions are always present. A structure without notches 
under a dead static load is something which exists only 
in the mind of the most naive designer. It is ductility 
which saves structures from service fractures. 

These ideas are in agreement with those of the authors, 
but I believe they are worth this restatement. The link- 
ing of dynamics with ductility by the authors is more 
significant than might be supposed from the brief atten- 
tion they give it. 

The same comment applies to their statement that 
there is no single test of ductility. The reason for this is 
that it is strongly affected by the conditions of loading, so 
that the question as to whether a given piece of metal in a 
given structure will respond to load in the ductile or the 
brittle manner is a question that can be answered only by 
a test that simulates the conditions of service of that struc- 
ture. 

Now if these conditions of service are unknown and we 
depend for safety in a new structure on its resemblance 
to an old one that gave good service, then perhaps we 
may need to know, with respect to the new material, 
only that it is not inferior to the old. Progress by a series 
of small deviations from previous successful practice has 
been the prevailing method in engineering design. It is 
based on the idea that small changes cannot make much 
difference; if the difference is for the worse, don’t do it 
again, and if for the better, go a little further next time. 

But it happens that ductility is not that kind of a 
function of the conditions of service. Circumstances 
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exist in which small differences have a powerful effect 
on behavior. A temperature limit exists such that even 
a few degrees below it the metal may act like a totally 
different material. j 

And this limit is affected by details of the design and of 
the load. Now loads are often uncertain. And we have 
not yet reached the point of scrutinizing details of design 
with reference to their effect on ductility. Further, there 
is a good deal of random variation in the metal itself in 
the transition zone. For all these reasons it is important 
to know where the limit is and to give it a wide margin. 

All this is in agreement with the ideas of the authors. 
They have divided a welded assembly into small test 
specimens and have found the limiting temperature below 
which the action of these specimens is brittle, both as a 
function of the welding technique and of the position of 
the sample relative to the weld. Both exert potent in- 
fluences. 

The light shed on the welding process by Fig. 7, when 
taken with the implications that have been pointed out, 
is thus new and strange and most significant. It shows 
up differences between the techniques studied which are 
enough to account for wide variations in behavior of 
service structures. 

But differences in what respect? Not with respect to 
the strength of the joints, nor to the hardness or yield 
point of the metal at different locations; not to the 
chemical composition or microstructure; not to the 
shrinkage or cracking tendencies nor even the residual 
stresses in and near the welds. The criterion as to the 
merit of the welds is their ductility. 

The evaluation of ductility is made in terms of the 
behavior of a slow-bend specimen notched with a rather 
high degree of severity. The specimen has a form and 
size chosen for convenience in test. It gives only indirect 
indications of what to expect under tensile loading, the 
commoner mode in service. 

The ductility evaluation is not made in terms of en- 
ergy absorption, which, in an average value or a local 
value, is its true measure; but rather in terms of a dis- 
tinction between only two alternatives: brittle or non- 
brittle behavior. Although yielding of the specimen 
(and hence absorption of energy) is taken as evidence 0! 
nonbrittle action regardless of the appearance of the 
fracture surface, nevertheless small consideration is given 
to the fact that the transition from ductile to brittk 
mode is not abrupt. bod 

And the evaluation is made, finally, in terms o! te 
temperature of transition even though it is known that 
this temperature limit, as well as the value of plastic 
stress at given load and deformation values, ' 
strongly dependent‘on geometry. The temperature limit 
found by the slow-bend test may differ widely trom that 
in a service structure. p= 

These three short-cuts had to be taken, and the limita 
tions on the results accepted. In order to obtam ™& 
sults fully and directly applicable to service structures 
additional experiments are needed as follows: © sacs 

(a) The method should be extended to tensile loading, 
which comes nearer than bending in a small specimen 
the conditions of service. er 

(b) A comparison should be made betwee! 
of different form, to match the diversity 0! x 
signs, and the results should be expressed in units ol ¢ 
ergy which can be absorbed. _— 

(c) A method should be devised for cosgpleertage PS 
temperature limits found in the laboratory ''0 “ 
applicable in service. 

The work which the authors have done give> eedied 
and valid point of departure for the further studies yu 
in order that we may have the necessary basis or “"® 
for ductility. 
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Discussion of Paper “Cor- 
related Brittle Fracture of 
Notched Bars and Simple 
Structures” 
By Wendell P. Roopt 


preventing brittle fractures in service structures 

by use of laboratory data. The study by Mac- 
Gregor, Grossman and Shepler, described on pages 50 to 
56 of the Welding Research Supplement of January 1947 
is a step, as the authors say, toward a goal not yet 
reached. The intent of the present comment is to offer a 
detached view of the part which this step takes in the 
general progress toward the desired result. 

Comparison is made in that study between a structure 
consisting of a circular disk */;, x 2*/, in. and a notched 
bar 1 x 1 x 6 in. weighing about five times as much as the 
structure. Anfong the parameters considered, absolute 
size thus did not figure. In fact, it had to be ignored in 
the procedure used if identity in the material of the two 
types of specimens was to be had. 

‘However, by making this concession, the investigators 
obtained other benefits. In particular, the load-deflec- 
tion curves of the two types of specimens were made so 
similar that their loading devices could be nearly identi- 
cal. In this way it became possible to deal with time 
rates of deflection rather than of strain. 


This matter of time rate occupies a central place in 
the thought of MacGregor. He is not content with the 
observation that large variations in time rate of strain 
ire offset by small differences in temperature. 


From Fig. 5 of his paper in Jnl. Ap. Mech., March 
1946, I find that for medium steel one power of ten in- 
crease in strain rate is equivalent in effect to a drop of 
\2° C. or 22° F. in temperature. In terms of deflection 
rate, Fig. 13 of the present paper makes the value of this 
increment 29° C. or 52° F. If deflection could be re- 


— to strain, this would no doubt confirm the earlier 
value. 


sk importance of this subject lies in the need of 


From such data, I infer that temperature has a much 
more potent influence on ductility than strain rate. 
Where all strain rates are low, as in ordinary service of a 
ship structure, speed effects may be neglected. 


Such an observation tells us nothing about what may 
happen in way of a fast advancing cleavage crack. The 
local value of strain rate in such a case has been said to 
% chormous. If a strain of 1000 micro-inches per inch 
were reached in 1 microsecond the strain rate would be 
‘000 per second. Such a value lies above the limits stud- 
ied by MacGregor though a drop of less than 100° F. 
would suffice to bring him to values of this order. 


| However, even if high strain rate would explain the 
‘ontinued propagation of a brittle crack in a ship, it 
would still fail to tell us how the crack started, or explain 
why it sometimes stops. 


Nevertheless, we must be grateful to MacGregor for 
“3 emphasis on strain rate for the sake or other applica- 
NS, as to the case of impact loading. 
wien point of interest lies in the transfer of empha- 
fas 1 strain hardening and plastic stress to the effect 
tion ee on brittleness as it appears in the transi- 
‘mit. Presumably the activation theory supports 


Bec w 
ycu MacGregor, N. Grossman and P. R Shepler. Published in 


the Jan. 1947 
issue 
t Swarthmore WELDING JouRNAL, Research Supplement. 


the idea of velocity-modified temperature in all its ef- 
fects on the plastic behavior of steel. 


If so, and the observations made at different deflec- 
tion rates can be grouped together by use of the velocity- 
modified temperature, further consideration may now be 
given to the problem in terms of temperature alone. 


For ship structure, that is the way I think it should be 
done. In these terms, the thought of MacGregor and his 
associates may be paraphrased as in the following two 
paragraphs: 

Temperature and geometry interact strongly in their 
effects on ductility. Severity of notching and rigidity of 


constraint work like low temperature in inducing brit- 
tleness. 


But it is not necessary to reduce the geometrical vari- 
ables to terms of a quantitative measure of triaxiality. 
Instead of that it is proposed to use a ‘‘constraint index’’ 
in evaluating experimentally the relative effects of differ- 
ent geometries on brittleness. 


This proposal clarifies the issue though it does not yet 
resolve it. We do not yet have a scale on which to meas- 
ure the constraint index. What has been demonstrated 
in the newly reported experiments is that depth and 
acuity of notch in a uniaxial bar in bending have been 
adjusted so as to give a transition temperature, as found 
by a specific procedure, equal to that of a disk under bi- 
axial bending. 

The authors explicitly disclaim the idea that triaxiality 
has equal values in the two cases, such, for example, as 
might be indicated by equal values of octahedral shear 
stress at, say, equal load levels. They limit themselves to 
asserting that the conditions of triaxiality are equivalent 
as judged by their effect on transition temperature. 

This equivalence has been established, therefore, as 
between a bar with a notch of '/, in. radius and 7/j in. 
depth and a circular disk */\. x 2*/, in.. But before any 
further progress can be made from that point onward in 
the desired direction, we must be able to replace the two 
parameters used in describing the notch by a single one. 
Are '/, in. radius and ’/,. depth equivalent to °/i. radius 
and '/, in. depth? And if so, what single function of 
these two variables can we set up by which the equality 
of its values in such a pair of cases to be compared will 
express that equivalence? That looks like an easier mat- 
ter than finding the same kind of a function to cover the 
more desperate cases of notched bar and unnotched disk. 
But even that has not been done, and it is necessary to 
carry it through before the more difficult job becomes 
‘possible to undertake. 


Once these two steps have been taken, once the single- 
valued notched-bar scale has been established and the 
place of the disk on that scale has been found, the main 
thing that remains is to proceed to do what has been done 
for the disk also for other more elaborate geometries; 
structural shapes and weldments are suggested and, in 
general, various other structural assemblies are con- 
templated. In this way a constraint index value would 
be found for each of them. 


In case, as might be expected, the charts of log |’ on 
1/T at different values of the constraint index turned out 
to show straight lines fiarallel to each other, the main in- 
formation thus obtained could be put in a single chart of 
transition temperature on constraint index. Aside 
from certain incidental difficulties which will be discussed 
a little later, this problem is, at least in principle, soluble. 

We may ask what is gained by all this beyond the 
straightforward evaluation of transition temperature for 
each of the assemblies, without any reference to con- 
straint index. The answer is that by interposing the 
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constraint index in the chain of inference and evaluating 
it for a series of standard structural details it should fi- 
_ nally become possible to estimate the same quantity fora 
new detail by comparing it with the known standards, 
without having to make the test on the detail. 


In a purely empirical way this might be done without 
reference to constraint index. A man of long experience 
might be able to say to a young designer: “That detail 
you propose is a bad one because it will raise the transi- 
tion temperature.’’ The young man is then very apt to 
ask how he might learn to recognize such a case, and then 
perhaps to receive an unsatisfactory answer. It will 
surely make him happier if he can proceed with compari- 
sons in terms of the constraint which is itself also a geo- 
metrical quantity. 

In this way the pure empiricism of the relation between 
constraint and transition temperature is kept in its 
place. It is just possible that a reasonable explanation 
might some time be found for that relation, so that we 
might become able to calculate the limits of low-tem- 
perature brittleness by a process like that of stress analy- 
sis. For now, however, I would be quite content to base 
predictions on a manner of using experimental data 
which are systematic and not just intuitive. * That, I 
take it, is just what the constraint index is intended to 
help me do. 


Now for attention to some of the incidental difficulties. 
The first is that the constraint index is almost certainly a 
function not only of the geometry of a specimen but also 
of the manner in which it is loaded. That difficulty is by- 
passed in the study now being reviewed by loading the 
two specimens compared in ways almost identical, and 
by making their load-deflection curves very similar. 
As soon as the method is applied to more variant speci- 
mens, especially of greater size, this difficulty is sure to 
come up. 

Another trouble not always to be avoided comes from 
the nature of the transition under mvestigation. The 
procedure used by the authors is most ingenious; it con- 
sists in repeated loadings at successively lower tempera- 
tures, and it gives an answer from a single specimen of a 
sort that by the usual method takes at least six of them. 
The authors state that this is then subject to confirma- 
tion by test of a single additional specimen, but the de- 
viation which would be acceptable is not stated; in fact no 
confirming data are quoted, and the definitive summary 
in Table 2 refers to only seven specimens altogether. 
How does the temperature limit found in this way com- 
pare with the limit taken from the curve of energy on 
temperature, the limit which marks the upper boundary 
of the transition zone? These records all show brittle 
action. Any initial yield previously observed in the 
specimen is taken to show that the temperature of test is 
still above the limit. 

But the significant limit of temperature for a structure 
is that below which its full quota of energy absorption as 
measured above the limit is no longer assured. This may 
be something quite different from the limit found by 
the special procedure used in the present series of tests. 

This last point does not invalidate the concept of the 
constraint index, but it does suggest a third difficulty, 
which is more serious. It refers to the abruptness of the 
transition, to the width of the zone of transition, and to 
the various values which may be found within the zone. 
May not the changes in geometry which displace the 
temperature limits upward or downward also have other 
consequences, as in broadening or narrowing the zone, or 
in raising or lowering the capacity of the specimen to 
absorb energy at all temperatures? If so, then must we 
not re-evaluate the constraint index as indicated by each 
of these effects? For there seems to be not even a pre- 
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sumption that these various forms of the constraint jp. 
dex should have the same values. 


And, finally, may I suggest a way out of some of these 
difficulties? I am thinking in terms of the ship as th 
service structure, whose designer we wish to help to keep 
out of brittleness trouble; I am thinking also of th, 
plate in tension as the member in which some notable 
troubles have occurred. Naturally the plate has a notch 
in it; every plate built into a ship has notches in it. 
Only we cannot get anywhere by studying just any 
notch; it must have a definite form and not show the 
uncontrolled variations which service notches do. After 
we know more about some notches which are accurate); 
defined geometrically, we may set up a scale of standards 
with which to compare service notches. It is at this 
point that the constraint index enters most usefully. 


But we need to make our test specimen more like our 
service structure. By doing this we can get the benefit in 
the larger program of the ingenious scheme by which 
MacGregor made the two structures he compared with 
each other so nearly the same in their load-deflection 
characteristics. 


Fortunately. a back-log of information about notched 
plates in tension already exists, although it has not yet 
been widely publicized. A continuation of work with 
such a specimen is proposed, by which the whole gamut 
of variation, from the full constraint which exists in a 
ship’s deck, down to specimens small enough to break in 
a tool-room testing machine, can be covered by variation 
of one single parameter, namely, the width. To such 
specimens MacGregor’s innovations in test procedure 
can be applied if economy in number of specimens 1s 
more important than a transition limit directly compar 
able with service temperatures. The idea of constraint 
index can be used until such time, perhaps not too dis 
tant, when direct estimates of strain as a distribution 
function of deformation levels and of triaxiality become 
possible. 

The bend test should be supplanted as a standard by 
a tensile test. This would load the metal more nearly as 
in service, without preventing use of full scale thickness 
and give data on geometries falling within the range 0 
service notches. In all these ways the wide and signil: 
cant gap between service conditions and test conaitions 
is reduced without the complication of uncontrolled vari 
ables. 

The most important feature of the Charpy test wa 
that it purported to give a direct measure of energy 4° 
sorption. Since impact loading has lost ground 1m !avor 
of quasi-static loading this advantage is lost. The slow- 
bend test must either rely on a measurement oi residue 
deformation or, if a better measure of energy 1s neece’ 
plot a load-deflection diagram. 


Now if these necessities are recognized and accept’ 
we can have the superior tensile test for the same money. 
It is true that the slow-bend test permits loading a 1s"! 


piece of metal in a given machine than the tensile ts! 
But notching helps the tensile specimen in this respe” 
There is every reason to expect that good results cat ™ 
obtained from a notched tensile bar of full-scale tlic 
ness in a machine of 100,000 Ib. capacity. When the dl: 
fect of width is accurately known we will learn almost 
everything we want to know by pulling specimet) © 
3 in. in cross section. . 

Once the basic data needed to justify this prop 
procedure are available for a given material, the ang ot 
tion of the task of evaluating structural assemblies 
design details according to the scheme of the constra® 
index becomes really feasible. 
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Effect of Welding on Ductility and 
Notch Sensitivity of Some Ship Steels 


By R. D. Stout,* L. J. McGeady,* C. P. Sun,* J. F. Libsch* and G. E. Doan* 


Preface and Summary 


Origin and Scope of the Work 


HE behavior of some carbon and high-tensile ship 

steels in a fabrication test (the variable restraint 

test) was studied and reported previously.’ Dur-. 
ing the course of that work it became evident that further 
information was desirable concerning the properties of 
welds in these steels when subjected to external loading, 
such as are sustained in service. 

In ship and structural steels the physical properties 
of most importance are the yield strength, ductility and 
notch sensitivity. By notch sensitivity is meant the 
tendency to fail by cleavage fracture. The present pro- 
gram was intended to furnish information about the 
influence of each of the welding variables on the resultant 
ductility and notch resistance in a series of such steels. 

In order to measure these steel properties and their 
response to the welding operation, a suitable testing 
method was required. Inareport issued under N.D.R.C.? 
the development of a longitudinal notch-bend specimen 
was described, which was found, when tested over a range 
of temperature, to measure satisfactorily the changes in 
physical properties resulting from welding. The same 
specimen was adopted for the tests to be described here. 

There are three parts to the report. In Part I the ef- 
lects of variables such as the base plate, electrode type, 
heat input, power input, number of passes and post- 
heating are considered. Parts II and III deal mainly 
with the factors of metallurgical structure and dissolved 
gas. In Part II welded longitudinal notch bends are 
used, while in Part III Charpy bars subjected to heat 
and atmosphere treatments are substituted. 

hroughout this report the effect of each variable of 
welding is measured by the reduction in toughness or 
ductility and the raising of the transition temperature it 


re As in any test of this type, the results are only 
relative. 


Summary of Results 


The results of the investigation are reported fully in 
.: body of the report. A summary of them is given 
: 

|. The most important variable which influences the 
Properties of notch sensitivity and ductility of structural 
‘teels is the variation from one heat to another of the 
steel itself. The properties of the unwelded plate are not 
. noe indication of the properties which will result 

om welding is performed on the plate. 
os Factors such as electrode type, power input and 
“8g appear to have a relatively unimportant influence 
on the properties of welded plate. é‘ 

_”. Increasing the heat input, depositing multiple 
"Lehigh University, Bethlehem, Pa, 


pass beads, and applving preheating or postheating can 
be very effective in improving the notch resistance of the 
weldment. Of these factors, only postheating has been 
found to raise the ductility also. 

4. Grain refinement and reduction of the heated zone 
hardness have been shown to be accompanied by im- 
proved notch resistance. 

5. There was almost no correlation between the 
performance of a steel in a fabrication test such as the 
Lehigh restraint test and its performance under external 
loading in the bend test. While not surprising, it indi- 
cates that the fabrication and service properties of steels 
are separate problems. 

6. Experiments have been conducted to show that in 
structural steels the presence of hydrogen has much less 
effect on the performance in a service type of test, such 
as a longitudinal notch bend test, than it is known to have 
in fabrication. 

7. When the shrinkage stresses normally set up in 
the Lehigh restraint specimen are prevented from acting 
for a 24-hr. period by external compression loading, base 
metal cracking can be obviated under conditions which 
would otherwise cause cracking. One hour of loading 
does not eliminate cracking. Thus the temporary na- 
ture of the damage possible from dissolved hydrogen is 
demonstrated. 

8. The lecation of the initial crack formed during the 
bending of a longitudinal notched-bend specimen is 
apparently in the coarse grains of the heated zone. 
Since this crack appears well before the loading reaches a 
maximum value, the speed of propagation of the crack 
may be more important than the bend angle at which it 
originates in determining the ductility and notch sensi- 
tivity of the steel. 

9. Charpy bars heat treated in nitrogen and hydrogen 
atmospheres have been used to study the effect of hydro- 
gen on notch sensitivity. Here again hydrogen is shown 
to be of secondary importance as compared to hardness or 
steel composition. 


Part I—Influence of Steel and Welding Vari- 
ables on Notch Sensitivity and Weldment 
Ductility 


Introduction 


Any study of the factors which influence welding is 
concerned with two distinct phases. The first phase 
relates to the factors which effect fabrication of the welded 
structure, while the second phase is concerned with per- 
formance of the weldment in service. 

Previous reports*»! have described the ‘Lehigh Re- 
straint Specimen’”’ developed for quantitative evaluation 


* O. S. R. D. No. 3702. 
T O. S. R. D. No. 4529. 
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of the tendency for a weld to form cracks during fabrica- 
tion. Results presented have demonstrated that the 
performance of various steels and electrodes during 
fabrication may be predicted successfully. 

No similar specimen is available to predict the service 
performance of the weldment after fabrication. In pre- 
liminary work,* however, longitudinal notch bend speci- 
mens tested over a temperature range selected to include 
the transition from shear to cleavage failure were found 
to provide valuable information regarding the notch 
sensitivity and the ductility of the welded joint. 

To develop further information concerning the in- 
fluence of steel, electrode type, and other welding vari- 
ables on weldment properties, specimens of this type were 
prepared and tested at a series of temperatures. Results 
of these tests are reported here. 


Variables Studied 


The following factors received attention during the 
course of this study: 


1. Steel composition 

2. Steel type, i.e., rimmed, semi-killed, killed and high 
tensile alloy 

3. Electrode type 

4. Variation in power input caused by changes in 
welding current 

5. Variation in heat input caused by changes in weld- 
ing speed 

6. Aging time 

7. Postheat 

8 Deposition of double beads 


The influence of these factors on notch sensitivity and 
weldment ductility was investigated. 

An attempt has also been made to correlate results of 
these studies with cracking levels determined by re- 
straint tests. 


Method of Testing 


Details of the longitudinal notch-bend specimen used 


to evaluate the influence of the above variables on weld- 


ment ductility and notch sensitivity are shown in Fig. 1. 
For testing, a single weld bead was deposited on the 
centerline of one side of-the specimen. The specimen was 
later notched at 2 points 4 inches apart. The notch 
selected enables the notch root surface to expose weld 
metal, heat-affected zone, and parent metal, thus pro- 
viding an opportunity for failure to originate in that area 
most sensitive to cracking. In addition, the notch sever- 
ity was such that it provided a convenient range of 
testing temperatures to develop the transition from shear 
to cleavage failure. After notching, the specimen was 
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Fig. 1—Longitudinal Bend Specimen 
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tested by bending between 7-in. centers using a constant 
rate of deflection equal to 3 in. per minute. 

Three values were measured and recorded during test 
ing: (1) the bend angle at maximum load (2) the na 
ture of the fracture and (3) the load-deflection curve 
At any single testing temperature these values provid 
quantitative and qualitative information concerning th 
ductility of the weldment. High-bend angles, accom 
panied by shear type failures and large energy absorption, 
as determined from the load-deflection curve, indicatt 
good ductility. 

If tests are conducted at a series of temperatu 
spanning the range which includes the transition Irom ° 
shear type to a cleavage type failure, these values may ™ 
plotted versus temperature and the transition tempers 
ture determined. Thus, the influence of the difierem 
variables on notch sensitivity may be observed. The 
so-called ‘‘transition temperature’’ can be a provokingl) 
elusive value. In this study the following arbitrat) 
conventions were observed. At that temperature where 
the bend angle or the energy absorption had droppee 
to a value half of that exhibited in the shear enn 
range of testing the transition temperature was ae 
to occur. While this procedure may be questione®, © 
provides a useful basis for comparison. _ 

Plots graphically illustrating the use of these (i 
criteria for evaluation of the notch sensitivity «nd a el 
ment ductility of both unwelded and welded YD ste 
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Fig. 3—Electrical Circuit of Load Recorder 


plates are shown in Fig. 2. It is interesting to note that 
ill three criteria provide similar results concerning notch 
sensitivity as indicated by transition temperature. 

There is a tendency for the transition from shear to 
cleavage type failure to occur at temperatures where the 
bend angle and energy absorption are still rather high. 
This is particularly true in the case of the prime plate. 
Bend angle at maximum load and energy data provide 
most identical conclusions regarding notch sensitivity, 
but illustrate an interesting difference in the comparison 
between prime plate and welded plate values in the region 
of shear failures. The effect of welding on maximum 
bend angle values is more marked than it is on energy 
values. Actually there appears to be little difference 
setween the energy absorbed in breaking prime plate 
specimens and specimens welded with E 6011 electrodes 
YDH3). This discrepancy probably exists because the 
energy values are not affected by the ductility of the 
welded zone to the same degree as are the maximum 
bend angles. 

Further analysis of these three criteria to evaluate 
totch sensitivity and weldment ductility showed bend 
angle at maximum load and total energy absorption to 
be the most reliable. Since the apparatus for recording 
‘oad-deflection curves became available only at the end 
ol the testing program, most of the data reported are in 


terms of the bend angle at maximum load. This is not a 
serious disadvantage, however, since the transition tem- 
perature is almost identical by either criterion. 

It is believed that the apparatus developed to record 
load-deflection curves will be of interest to investigators 
contemplating work of this nature. The apparatus is 
designed for application to a beam type mechanical test- 
ing machine. In principle, the beam of the testing ma- 
chine causes deflection of a steel strip provided with elec- 
tric resistance strain gages (Type SR-4), causing un- 
balance of the electric circuit shown in Fig. 3, thus creat- 
ing a potential difference directly proportional to the load 
applied. This potential difference is recorded on a re. 
cording milliammeter whose chart speed moves at a 
constant rate proportional to the deflection of the speci- 
men. 

The general procedure for conducting a series of tests 
was to weld specimens, notch them, age them for seven 
days (except as noted to determine the effect of aging one 
day), heat or cool them uniformly in warm water or in 
an alcohol-dry ice mixture to the desired temperature, 
immediately transfer them to the testing machine, and 
bend them, observing and recording the values stated 
above. 

Results of the studies to determine the influence of the 
variables investigated on notch sensitivity and weldment 
ductility are described in the sections of the report which 
follow. Details of welding and testing are described in 
each section. 


Comparison of Steels 


Eleven steels were investigated representing four dif- 
ferent types; for example, rimmed, semi-killed, fully 
killed and high-tensile alloy heats. The type of each 
steel, its chemical composition, and its condition as re- 
ceived, when known, are shown in Table 1. Steels were 
received as */,-in. plates or planed to */,-in. thickness 
leaving the initial surface on one side of the specimen, 
which served as the tension side in testing. 

These steels provide a wide variation in ductility and 
notch sensitivity. This variation is apparent in the 
magnitude of the maximum bend angle and in the transi- 
tion temperature of specimens cut from prime plates, 
notched and tested by bending. Results of bend tests 
are shown in Fig. 4. The curves shown were selected to 
illustrate the marked variation in ductility which may 
exist in the prime plates. 

Welding causes a marked reduction in ductility and 
raises the transition temperature. This is illustrated in 
Fig. 4 by comparison of welded and unwelded plates of 
the same steels. Welded specimens were prepared using 
E 6010 electrodes and the welding conditions shown in 
Table 2. The symbol WB refers to the steel listed in 


2A High-Tensile Alloy 0.15 0.99 0.22 0.017 0.016 
PH Hen ncusile Alloy 0.13 1.09 0.22 0.029 0.013 

ligh-Tensile Alloy 0.23 1.60 0.23 0.029 0.017 


Table 1—Steel Classification and Chemical Analysis 


ve ' Type c Mn Si Ss P Ti \ Cr Ni Mo Cu Comments 

W2 ee 0.21 0.36 0.01 0.029 0.016 0.09 0.15 0.022 

YC - ome 0.18 0.34 0.01 0.026 0.014 0.08 0.15 0.020 Received as-rolled 

a 2 ‘mi-killed 0.25 0.49 0.05 0.029 0.015 0.01 0.01 0.004 Received as-rolled 

VE Sr nilied 0.14 0.74 0.04 0.028 0.009 0.02 0.04 0.005 Received as-rolled 

XB 1 pee 0.15 0.73 0.04 0.029 0.009 0.03 0.04 0.006 Received as-normalized 
X7 cee, 0.19 0.56 0.25 0.028 0.012 0.13 0.15 0.027 Received as-normalized 
LA Hj ed ; 0.18 0.56 0.25 0.080 0.012 0.12 0.16 0.027 Received as-normalized 
vA igh-Tensile Alloy 0.14 1.24 0.27 0.019 0.016 0.009 0.004 0.09 0.15 0.02 


0.002 0.029 0.05 0.10 0.013 
0.001 0.085 0.04 0.11 0.019 
0.013 0.004 0.19 0.21 0.024 
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Electrode Type E 6010 H.TSS. 
Electrode code F U 
Electrode size 

Diameter 3/16 in i in. 3/16 in. 

Length 14 in. in. in. 14 in. 
Current 

Amperage 175 210 
Voltage 27 23/24 
Polarity Reversed Straight Reversed 
Welding Speed 10 in./min. 10 in./min. 10 in./min. 10 in./min. 
Heat Input 

(joules/in.) 28,350 27,750 29,610 

' Welding conditions employed throughout investigation except 
as noted in text. 
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Fig. 4 


Table 1; F refers to the welding electrode E 6010 listed 
in Table 2, 3 indicates a heat input of 30,000 joules per 
inch. 

It would be most convenient and desirable to be able 
to predict the ductility and notch sensitivity of the welded 
joint from longitudinal notch bend tests performed on 
the prime plate. For this purpose, bend test data on 
prime plates and plates welded with E 6010 electrodes 
have been summarized in Figs. 5 and 6 for all 11 steels 
studied. 


EFFECT OF WELDING ON TRANSITION 
TEMPERATURE OF PRIME PLATE 
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Fig. 5 


An analysis of Fig. 5 indicates that welding may cause 
an increase of 65 to 205° F. in the transition temperature 
of the prime plate. There appears to be no correlation 
between the transition temperature of the welded plate 
and the transition temperature of the prime plate. Its 
apparent, however, that the high-tensile alloy plates 
tend to show the greatest increase in transition tempera 
ture as the result of welding. 

A similar analysis of Fig. 6 indicates that welding 
causes a decrease of approximately 50% in the maximum 
bend angle attained by the prime plate. This decreas 
may vary from 25 to 57%, but appears to be essential) 
independent of the maximum bend angle of the prim 
plate. It appears impractical, therefore, to predict the 
maximum bend angle of the welded plate from the max 
mum bend angle of the prime plate. 

The increase in transition temperature and decreas¢ 
bend angle caused by welding are accompanied by 4! 
increase in the maximum hardness of the heat-affecte’ 
zone of the weldment. This is evident from Table », 


Table 3—Effect of Welding Variables on Maximum Hardness in Heat-Affected Zone of Welded Plate 


Hardness—Vickers (10 Kilo.) — 


Steel Steel Steel Steel Steel Steel Steel Steel Ste el 
Welding Variable WB WZ YD YE XB XZ LA VH ZA 


Prime Plate 140 131 
E 6010 Weld 178 195 


126 121 134 139 153 179 164 
210 206 236 275 254 329 


E 6011 Weld 187 203 218 262 302 280 364 


E 6020 Weld 198 
H. T. S. Weld 195 
E 6010 Weld—High-heat input 

E 6010 Weld—400° F. Postheat 187 
E 6010 Weld—1150° F. Postheat 169 
E 6010 Weld—Double Bead 177 
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Table 2—Welding Conditions Used with Different Electrode 
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which compares the hardness of the prime plates with the 
maximum hardness in the heat-affected zone of the welded 
plate. 

Data presented in Figs. 5 and 6 are arranged to facili- 
tate comparison of the influence of steel type on notch 
sensitivity and ductility of welded and unwelded plates. 
It is difficult to draw any specific conclusions regarding 
the effect of steel type from this limited data, but it 
appears that the high-tensile alloy heats undergo a 
greater increase in the transition temperature than the 
killed heats. It is of limited, significance to compare 
prime plate data of the various steels since some were 
tested as normalized while others were tested as rolled. 

Additional evidence to illustrate the marked influence 
of steel on notch sensitivity and weldment ductility is 
presented in the sections of the report which follow. 


Effect of Electrode Type 


The effect of four different electrode types on weldment 
ductility and notch sensitivity were investigated. Three 
types of electrodes were purchased in accordance with 
A.S.T.M. designations and represented Types E 6010, 
E 6011 and E 6020. The fourth type was designated as 
HTS and represented an electrode with a lime type coat- 
ing developed to minimize the effect of hydrogen in welds. 
All electrodes used were */, in. in diameter. 

_In preliminary tests to determine satisfactory condi- 
tions for welding with each type of electrode, it was 
lound that the depth of penetration differed when weld- 
ing with the various electrode types. Since the depth 
oi the notch cut in longitudinal notch bend specimens 
was maintained constant, specimens were pre-grooved 
prior to welding to provide constant test conditions. 
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The contour of the pregroove, i.e., '/j-in. radius, was 
selected to conform as closely as possible to the contour 
of the fusion line and the depth controlled to provide 
approximately 0.020 in. of weld metal below the notch 
for all electrodes. This depth varied from no pre-groove 
for E 6010 electrodes to 0.040 in. for E 6020 electrodes. 
Plates to be welded with E 6011 and HTS electrodes were 
each pre-grooved 0.020 in. 

The welding conditions shown in Table 2 for each elec- 
trode were finally adopted to determine the effect of 
electrode type and other welding variables on weldment 
ductility and notch seysitivity. These conditions were 
selected as representing average operating conditions, and 
were used throughout the investigation, except as noted. 
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Fig. 8—Effect of Electrode on Transition Temperature 


All eleven steels were welded with E 6010 and E 6011 
electrodes. Steels WB, XB, YC, YE, ZA and VA were 
likewise welded with E 6020 and HTS electrodes. After 
welding, specimens were allowed to age at room tempera- 
ture for 7 days, during which time they were notched. 

The type of electrode used in welding appears to have 
a minor effect on weldment ductility and notch sensitivity. 
While some variations exist in the maximum bend angle 
and the transition temperature of plates welded with 
different electrode types, the superiority of any one elec- 
trode is not consistent. Moreover, the extent of this 
variation is small when compared with the marked effect 
of welding on the transition temperature and maximum 
bend angle of the prime plate. 

This is demonstrated in Figs. 7 and 8. Figure 7 shows 
the deviation of the maximum bend angle for each elec- 
trode, from the average maximum bend angle of weld- 
ments made with all electrodes. Individual values are 
indicated for each steel. It will be noted that essentially 
all points lie within a deviation of +3° bend angle. 
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Figure 8 provides a similar analysis to show the effect of 
electrode type on transition temperature. Essentially 
all points lie within a deviation of + 15° F. 


Effect of Power Input 


While the average arc voltage used in making a weld 
with a given type of electrode must remain essentially 
constant for good performance, the welding current and 
travel speed may be varied as desired. If the travel speed 
is increased or decreased with a corresponding increase or 
decrease in welding current, the total heat input (joules/- 
in.) may be maintained constant, thus affording an op- 
portunity to investigate the effect of power input (are 
voltage X current) on weldment ductility and notch 
sensitivity. 

To study the influence of a variation in power input, 
steels XB and ZA were welded with E 6010, E 6011 and 
E 6020 electrodes, using the conditions shown in Table 


4. These conditions represent (a) the power input 
termed optimum for each electrode and used for other 
phases of this investigation (b) a power input 20% les 
than that termed optimum and (c) a power input 20"; 
greater than that termed optimum. Specimens were 
aged for seven days prior to testing. 

Changes in weldment ductility and notch sensitivity 
resulting from a variation of + 20% in the power input 
appear well within the limits of experimental error 
While minor variations in maximum bend angle and 
transition temperature exist, they are small and ther 
is no consistent trend to indicate the superiority of hig! 
or low power input for any electrode, provided the hea! 
input is maintained constant. 

Figure 9 shows the change in the maximum bend angle 
and the transition temperature due to a 20% increas 
and a 20% decrease in the power input representing aver 
age conditions. 

Thus it appears that a change of + 20% in the powe! 
input does not affect weldment ductility or notch sens: 


Table 4—Effect of Power Input-Welding Conditions 


Electrode 
Type E 6010- - E 6011 ~ ———E 6020 
Power Input Optimum! —20% +20% Optimum! —20% +20% Optimum! —20°: Te 
Current type D.C D.C. D.C. D.C. D.C. => 
Amperage 175 140 210 185 148 222 185 144 — 
Voltage 27 27 28 25 24 25 29 29 weal 
Polarity Reversed Reversed Reversed Reversed Reversed Reversed Straight Straigh' 
Welding speed 10 7.45 11.5 10 7.45 11.5 10 _ 8.20 or 
in./min. in./min. in./min. in. /min. in./min. in./min. in./min. in./mit 
Power input (watts) 47 3800 5900 4600 3550 5550 5350 4201 ot i 
Heat input (joules/in.) 28,000 30,000 31,000 28 000 29,000 29,000 32,000 30,000 3} 


! Selected to represent average of recommended current and voltage input and used throughout investigation. 
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tivity. It should not be inferred from these data, how- 
ever, that a change in power input has no effect on the 
properties of the weld during fabrication. 


Effect of Heat Input 


If the speed of welding is decreased without a change in 
welding current or are voltage, the heat transmitted to 
the plate being welded is increased. This greater heat 
input raises the temperature of the plate, causing the 
weldment to cool at a slower rate and generally providing 
a lower hardness in the heat-affected zone of the weld- 
ment. 

To determine the influence of higher heat input on the 
maximum bend angle and the transition temperature of 
welded plates, longitudinal notch bend specimens were 
prepared from steels XB, ZA, YE and YC by welding 
with E 6010 electrodes. Conditions of welding were 
similar to those shown in Table 2, except that the speed 
of welding was 6 in. per minute rather than 10 in. per 
minute. This change in travel speed provided an in- 
crease of 19,000 joules/in., i.e., from 28,000 to 47,000, 
in the heat input. 

Results of bend tests are shown in Figs. 10 and 11. 
Increasing the heat input has caused a marked imtprove- 
ment in notch sensitivity of all steels. While the decrease 
in transition temperature is very pronounced, the higher 
heat input has caused no apparent increase in the maxi- 
mum bend angle or weld ductility. 

The improvement in transition temperature is accom- 
panied by a decrease in the maximum hardness of the 
heat-affected zone of the weld. This is illustrated in 
Table 3, where the maximum hardness in the heat- 
affected zone for specimens welded with high heat input 
may be compared with that of specimens welded at lower 
heat input. 


Effect of Aging Time 


\ 


There has been considerable discussion regarding the 


influence of aging time on weldment ductility. It is 
generally believed that aging improves ductility. This 
improvement has been variously attributed to relief of 
unfavorable stresses caused by welding, evolution of 
hydrogen from the weld, and other causes. 

To determine any change in the maximum bend angle 
and the transition temperature caused by aging one day 
instead of one week (the aging time maintained for all 
other studies in this investigation), longitudinal notch 
bend specimens of steels XB, ZA, YC, WB and YE were 
welded with E 6010 electrodes, using the conditions shown 
in Table 2. These specimens were notched and tested 
the day following welding. 

An increase in the aging time from one day to one 
week appears to have a minor effect on either the ductility 
of the weldment or the notch sensitivity. In Figs. 12 
and 13 results of bend tests for specimens aged one day 
may be compared with specimens aged for one week. 


It should be noted that the results presented here refe; 
only to aging periods of one day and one week, and t, 
steels in the structural class studied in this investigation. 
Wider ranges of aging and steels of higher hardenabilit, 
might provide different results. 


Effect of Postheat 


While the increase in weldment ductility caused by 
postheating has been effectively demonstrated in prac- 
tice, it appeared desirable to determine the degree of this 
improvement for comparison with effect of other welding 
variables. 

Longitudinal notch bend specimens were therefore 
prepared from steels LA, XB, WB and YE, and tested 
by bending. These specimens were welded with E (01) 
electrodes using the conditions shown in Table 2. Speci. 
mens from each steel were divided into two groups after 
welding. One group was heated to 400° F. for eight 
hours, while the other was heated to 1150° F. for two 
hours. Specimens were notched after heating and 
tested one week after welding. 

Postheating effects a marked increase in weldment 
ductility and an improvement in notch sensitivity, partic- 
ularly when the weldment is heated to 1150° F. This 
improvement is shown by Table 5 which summarizes 
results of bend tests on prime plates, welded plates not 
postheated, and welded plates postheated to 400 and 
1150° F. 

Postheating to 1150° F. provides maximum bend 
angles and transition temperatures approaching those 
of the prime plate. The increase in the maximum bend 
angle and decrease in the transition temperature ar 
accompanied by a decrease in the maximum hardness of 
the heat-affected zone of the weldment as shown in 
Table 3. It is interesting to note that welding with 
high input, which causes a similar decrease in hardness, 
also effects a decrease in the transition temperature, but 
does not cause an increase in the maximum bend angle 
It appears, therefore, that while the maximum hardness 
in the heat-affected zone of the weldment may be a pr- 
mary factor in determining the notch sensitivity of the 
weldment, some other factor which is accompanied by 
lower hardness, possibly metallurgical structure, 1s 4 
primary factor in determining the weldment ductility. 

In general, there has been little change in the max! 
mum hardness of the heat-affected zone in welded plates 
postheated to 400° F., and it appears possible that the 
minor improvement noted, is caused by the release 0! 
unfavorable internal stresses. 

Increasing the post-heat temperature from 400 \ 
1150° F. produces a marked increase in the energy ab- 
sorbed in breaking longitudinal notch bend specimens. 
It is interesting to note that the fracture appeararice ©! 
WB steel specimens was irregular. Generally, low-bend 
angle values are accompanied by cleavage failure, whil 
the high-bend angles are accompanied by shear tavurc. 
WB steel specimens, however, continued to show t« 
presence of cleavage failure at high-bend angles 2" 
high temperatures. 


Table 5—Influence of Postheat—Summary 


Steel WB 


Steel XB 


Max. 
B.A. 
Degrees 
Prime Plate 
E 6010 Weld—wNo Postheat 
E 6010 Weld—400° Postheat 
E 6010 Weld—1150° F. Postheat 


Max. 
B.A. 
Degrees 
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Effect of Multiple Beads 


In considering the factors which influence weldment 
ductility and notch sensitivity, the grain size produced 
in the weld appears important. Gensamer has shown 
that the energies absorbed in breaking coarse and fine 
grained specimens, of similar material and hardness, are 
essentially equal when the same type of failure, i.e., 
shear or cleavage, occurs in each. The coarse grained 
material, however, causes the initiation of cleavage 
failure at a higher temperature. 

In welding with a single pass, the maximum grain size 
achieved at the fusion line is usually in the range of 
A.S.T.M. No. 1-3. Where multiple passes are employed, 
however, the heat of the second pass may refine the 
coarse grains in the weldment of the first pass. While the 
second pass will cause new coarse grains at its fusion line, 
these may be moved from the base metal to the less sensi- 
tive weld metal. 

In addition, the second pass acts as a postheat for the 
first weld, reducing the hardness in the heat-affected zone 
of the base metal. 

To determine the effect of these factors on weldment 
ductility and notch sensitivity, longitudinal notch bend 
specimens were prepared from steels WB, XB, YC, YE, 
VA and ZA, using E 6010 electrodes. A single bead was 
deposited on the specimen, the specimens were cooled to 
room temperature, and then a second bead was deposited 
directly on top of the first bead. Welding conditions for 
depositing each bead were similar to those shown in 


fable 2. Specimens were aged for seven days prior to 
testing. 
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Welding with a double bead generally improves the 
notch sensitivity of the weldment. Bend test data 
plotted in Figs. 14 and 15 show a notable decrease in the 
transition temperature of all steels welded with double 
pass, except steels YC and YE. The double bead appears 
particularly effective in decreasing the transition tem- 
perature of ZA steel. It is interesting to note that no 
increase is apparent in the maximum bend angles of 
specimens which received a double pass. 

The second bead deposited has caused complete re- 
crystallization of the coarse grain in the base plate and 
the weld metal, resulting from the initial pass. This is 
illustrated by the photomicrographs shown in Fig. 16. 
Generally, the heat of the second pass has also reduced 
the maximum hardness of the heat-affected zone in the 
base plate resulting from the initial pass as shown in 
Table 3. 

It appears that the improvement in notch sensitivity 
caused by depositing a second bead over the first results 
from (1) the decrease in grain size achieved by recrystalli- 
zation of coarse grains in the base metal from the initial 
bead and (2) the reduction in the maximum hardness of 
the heat-affected zone in the base plate. It should be 
noted that neither recrystallization of the coarse grains 
in the base plate nor the reduction in hardness of the 
heat-affected zone caused any change in the weldment 
ductility. 


Correlation of Weld Ductility and Cracking Level 


The Lehigh Restraint specimen* was developed to 
evaluate quantitatively the tendency of an electrode or a 
steel to form cracks in the weld zone during fabrication. 
By varying the restraint against which the weld shrinks 
during cooling, the cracking level, i.e., that restraint 
which the weld will just fail to withstand in the presence 
of a notch during and after cooling without cracking, may 
be determined. 

Since it has been demonstrated that the performance of 
a steel or electrode during fabrication can be predicted 
by means of the restraint specimen, it appeared desirable 
to determine any possible correlation between the crack- 
ing level of the weldment and its ductility and notch 
sensitivity. If such a correlation did exist, the restraint 
specimen might be used to predict the performance of the 
weld in service as well as during fabrication, thus avoid- 
ing numerous bend tests at a series of temperatures. 

For this purpose the cracking levels for steels XB, WB, 
VA, ZA, YC and YE welded with E 6010 electrodes were 
determined. Welding conditions were similar to those 
indicated in Table 2 for E 6010 electrodes, and restraint 
tests were conducted in accordance with the procedure 
outlined in the reference report.' 


Table 6—Correlation of Cracking Level with Weldment 
Ductility and Notch Sensitivity 


Weldment Notch 
Ductility? Sensitivity’ 
Cracking Level! Max. B. A. Transition 
Steel Inches-Restraint Degrees Temp.—° F. 
WB ‘ 25 10 
Yc 6'/. 14 148 
XB 6 27.5 55 
LA 14 54 
VA 51/2 9 82 
ZA 51/2 21 115 


1 As determined by Lehigh Restraint specimen tests. 
2? Determined from bend test data. 


* O.S. R. D. No. 3702. 
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Fig. 16—Microstructure of Double Bead Welds 


(a) Fusion zone of second bead 
(b) Recrystallized fusion zone of first bead 
(c) Transition zone in base plate 
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Results of restraint tests are summarized in Table 6, 
Cracking levels may be compared with the transition 
temperatures and maximum bend angles shown in the 
same table for longitudinal notched bend tests _per- 
formed on the same steels using E 6010 electrodes and the 
same welding conditions. 

If weldment ductility and notch sensitivity are directly 
related to the cracking level of the weldment as deter- 
mined by the restraint specimen, the transition tempera- 
ture should decrease and the maximum bend angle should 
increase as the cracking level increases. From Fig. 17 
it will be noted that no such relationship exist for the 
steels studied. A wide variation in the transition tem- 
perature or maximum bend angle may exist with only 
minor changes in the cracking level. 


It appears, therefore, that for structural steels of the 
type studied in this investigation, little correlation exists 
between weld ductility or notch sensitivity and the 
cracking level determined by the restraint specimen. 
For steels with higher hardenability it is quite probable 
that a correlation exists. 


General Discussion 


The data presented in the preceding sections of this 
report show that considerable variation may exist in the 
ductility and notch sensitivity of prime plates from di! 
ferent steels. Bend test data obtained on prime plates 
provide little basis for prediction of ductility and notch 
sensitivity after welding. While the maximum bend 
angle after welding is approximately 50% of the prime 
plate value, it may vary over a wide range. No correla- 
tion appears to exist between the transition temperature 
of welded and unwelded plates. 


Such factors as electrode type, power input and aging 
time (from 1 day to 1 week), appear to have little or 1° 
effect on the properties of the weldment. However, 2! 
increase in the heat input during welding, the deposit 0! 
second weld bead over the first, and postheating the 
weld are all effective in improving notch sensitivity and 
tend to restore the transition temperature of the primc 
plate. Postheating the weldment is the only \ iriable 
studied which improves weldment ductility. Figures 
and 19 graphically illustrate the effect of all the vam™ 
ables studied for steels XB and ZA. 

The major improvements in notch sensitivity appe 
to be associated with two fundamental factors’ 4 ™ 
duction of the maximum hardness in the heat a 
zone of the weldment and grain refinement at th: = 
line of the first weld, caused by recrystallization !ro™ the 
heat of the second bead. 
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pein Piare hardness caused by welding with high 
40 Pt — heat inputs and using double beads 
cdo not provide any improvement in 
S weldment ductility. It appears pos- 
/ Pest Heaven sible that a major change in metal- 
35 lurgical structure caused by postheat- 
ing to 1150° F. is responsible for the 
wf improvement in weldment ductility. 
30 Foor To further investigate any relation- 
/ | ship which might exist between the 
$ maximum hardness in the heat- 
la affected zone of the weldment and the 
g | Ay, Tk > maximum bend angle, Fig. 21 was 
prepared. It is evident that no satis- 
‘ factory relationship exists between 
40 20 o> oan 7 the maximum hardness in the heat- 
y « / | affected zone and the maximum bend 
angle. While the maximum bend 
Lac angle generally increases with a de- 
le 6 crease in hardness, there is a wide 
. AY scatter of the points plotted. This 
out scatter probably reflects the incidence 
1 the {0 a ae of cracks in the heat-affected zone of 
A the base plate in the early stages of 
3 bending and is discussed in another 
if 5 portion of this report. 
rectly A satisfactory correlation between 
leter- a weld ductility and the cracking sensi- 
p> ie tivity of a weld during fabrication 
hould would be most desirable to predict 
ig. li Test Temrecature °F the complete behavior of the weld- 
or the 4 Fig. 18—Etffect of Welding Variables on Weldment Ductility and Notch Sensitivity, ment. Apparently, the prime factors 
| ten Steel XB which influence each phase of weld 
only performance, however, are not com- 
; The former factor seems to be particularly prominent mon to both, since no correlation exists within this class 
of the since a reduction in hardness accompanies all three pro- of steels. 
exists cedures which improve notch sénsitivity. Moreover, 
d the since the initial increase in transition temperature caused ~ Summary 
rer by welding is accompanied by a hardness increase, it 
ybable appeared desirable to attempt a correlation between the Longitudinal notch bend tests have been performed at 
maximum hardness in the weldment and notch sensi-  \arious temperatures selected to develop the transition 
a hee ; from shear to cleavage failure. These tests were per- 
This correlation is presented in Fig. 20. The data formed on prime plate and welded specimens of eleven 
shown represent values obtained for all 11 steels, tested gifferent steels, representing four different types, i.e., 
of this as prime plates and as-welded with the various electrode rimmed, semi-killed, fully killed and high-tensile alloy 
in the types studied. Shown also are values for steels welded ;,, study the influence of electrode type, power input, 
sf using high-heat input and welded plates postheated to 
400 and 1150° F. 
plates The apparent relation between the maximum hardness 
noteh in the heat-affected zone of the weldment and the transi- al | 
1 bend wer | 
prime tion temperature is striking. At any constant hardness | Ft, 
, as a very high percentage of the points shown lie within a /\ | 
ante transition temperature range of +30° F., as shown by | 


the dotted lines on the graph. Groups of points outside 


“ the band generally represent a single steel, i.e., steel PH 
1 aging and steel YC axi 
stee . It appears, therefore, that the maximum 


| | 


” 
w 
a 
| 
$ 
hardness in the weldment may serve as a rough criterion 
lor prediction of the transition temperature, except for — Re 
ysit occasional steels. | Y, tite 
ity am grain refinement, will be t only whe aids are |, 
| ble using more than one pass. When welding is per- 3 
ia ‘ormed with a single pass, the grain size at the fusion line 2 
's usually A.S.T.M. 1-3, regardless of steel, electrode /‘| 
type and other welding variables. 
he increase in weldment ductility caused by post- | 
appe*" cating welded specimens to 1150° F. is particularly 
improvement is again accompanied by a 
uffectec “ecrease in the maximum hardness of the heat-affected = 50 100 200 
decrease in hardness, however, does not Fig 20 
aes rtd to be the primary factor causing the increase in Fig. 19—Effect of Welding Variables on Weldment Ductility 
“maximum bend angle, since similar decreases in and Notch Sensitivity, Steel-ZA 
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heat input, aging time, postheating and deposition of 
multiple beads on ductility and notch sensitivity of the 
weldment. An attempt has been made to correlate 


results of bend tests with the “Lehigh Restraint’ speci- - 


men. Finally, weldment ductility at temperatures below 
the transition from shear to cleavage has been studied in 
greater detail. 

Results reported show: 

1. Wide variations exist in the ductility and notch 
sensitivity of different steels. The prime plate plays a 
major role in determining the properties of the weldment. 

2. The effect of welding any steel is to cause a severe 
decrease in the ductility of the prime plate and a marked 
increase in the temperature at which transition from shear 
to cleavage type failure occurs. While welding causes a 
decrease of approximately 50% in the maximum bend 
angle of the prime plate, this percentage varies con- 
siderably. No correlation appears to exist between the 
transition temperature of the prime plate and that of 
the welded plate. No procedure studied to improve 
notch sensitivity and weldment ductility completely re- 
stored the properties of the prime plate. 

3. A change in the electrode type, the power input, 
or the aging time (from 1 day to 1 week) appears to have 
little or no effect on the weldment ductility and the notch 
sensitivity of the steels studied. . 

4. An increase in heat input, postheating, and deposi- 
tion of a double weld bead causes a decided improvement 
in the transition temperature. Of these variables only 
postheating to 1150° F. improved weldment ductility. 

5. Except for occasional steels, there appears to be a 
fair correlation between the maximum hardness in the 
heat-affected zone of the weldment and notch sensitivity, 
high hardnesses causing high transition temperatures. 
Grain refinement also appears effective in decreasing 
the transition temperature. 

6. For the steels studied, neither a reduction in the 
maximum hardness of the heat-affected zone of the weld 
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nor grain refinement appear to be prime factors in increas- 
ing weldment ductility. This property of the weld 
appears to be associated with some other factor, such as 
metallurgical structure. 

7. For the class of steels studied, no correlation 
exists between the cracking level as determined by the 
“Lehigh Restraint’’ specimen and weldment ductility 
or notch sensitivity. This lack of correlation reflects 
the difference in the factors which influence the properties 
of the weld during fabrication and in service performance. 

8. The ductility of the weldment (vs. temperature) 
continues to decrease after initiation of cleavage type 
failure. The ultimate values of bend angles at maximum 
load and energy absorbed in breaking are probably asso- 
ciated with elastic deformation. 
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Part II—The Influence of Hydrogen on Duc- 
tility and Notch Sensitivity 


Introduction 


It has become generally appreciated that the presence 
of dissolved gases such as hydrogen has deleterious “A 
fects on the ability of steels to be welded without the 
formation of cracks; that is, on the so-called iaberication 
properties of steels. In particular, the more hardenable 
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steels are prone to base metal cracking in the presence of 
hydrogen. A number of investigations have demon- 
strated this fact, among them the Lehigh restraint test. 
Base metal cracking of this type can be minimized either 
by holding the heated zone hardness below some 350 
Brinell or by keeping hydrogen out of the metal. The 
lime type electrode coating has been developed for this 

In contrast to the influence of hydrogen on fabrication 
properties, the effects of the dissolved gas on the proper- 
ties of steels under the external loads of service are far 
from being established. Outside the field of welding, the 
action of hydrogen has been studied at length in connec- 
tion with shatter cracks in rails, acid or pickling embrittle- 
ment, and boiler embrittlement. The point to be noticed 
about these conditions is that they represent one of two 
circumstances: either atomic hydrogen is being supplied 
by a chemical reaction, or thermal changes are altering 
the solubility of the atomic hydrogen present in the steel. 
There is litthke known of the influence of hydrogen on 
service properties when no cracks have been formed and 
the Status of the hydrogen has reached essentially a stable 
condition. 

The object of this investigation was to study the ductil- 
ity and notch sensitivity of weldments in structural 
steels when welded under various conditions of hydrogen 
supply, cooling rates and metallurgical structures. 


The Testing Program 


The test specimen adopted for the experiments to be 
described was the longitudinal bead slow notch-bend 
specimen, the complete specifications of which are given 
in Fig. 1. The welds were produced on a d.-c. automatic 
head equipped with a stick feed. Two types of electrodes 
were employed for depositing the weld beads, */j.-in. 
E6010 and HTS. Welding power inputs were 175 amp. 
and 27 v. for E 6010, and 210 amp. and 23 v. for the HTS 
electrode. The cellulose-coated E 6010 has been shown 
to be a ready source of hydrogen, while the lime type 
coating of the HTS provides very little of that gas. 
Substantiation of this fact is given later. 

The variables which received attention were the steel 
composition, the metallurgical structure, the cooling rate, 
the supply of hydrogen, the testing conditions, including 
notch severity, and the test measurements used as cri- 
teria to judge the effects of the welding conditions. The 
experiments took the form of the series listed below: 
|. Comparison of HTS and E 6010 on various steels. 
2. Comparison of HTS and E 6010 on one steel with 

varying cooling rates. 
5. Comparison of HTS and E 6010 varying H2 content 
by artificial treatments. 
. Tests of HTS with steam and city gas atmospheres. 
9. Comparison of HTS and E 6010 in which notch 
radius was varied. 
. Comparison of HTS and E 6010 as to locus and 
time of initial crack. 


The physical testing of the specimens involved slow 
bending conducted over a range of temperatures chosen 
‘o show the transition from shear to cleavage failure. 
The angle at which maximum load occurred was recorded 
aS Was the appearance of the fracture. It was intended 
‘o learn what changes in ductility or transition tempera- 
‘ure Would accompany variations in the hydrogen supply 
and welding conditions. In all cases the aging period 

tween welding and testing was seven days. 


Base Plate Composition 


r A series of */,-in. plates was selected for testing with 
6010 and HTS electrodes. They included an 0.18 C 
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semi-killed heat, a 0.25 C Si-killed heat, and a high 
chemistry (0.18 C, 1.45 Mn),Mn-Ti heat. Weld beads 
were deposited on each plate at 10 in./min. travel speed. 
The bend test results are given in Fig. 22. 

Examination of the curves reveals some advantage in 
favor of HTS, but the most hardenable steel, the Mn-Ti 
heat, fails to show the difference that might well be ex- 
pected from cracking sensitivity measurements previously 
obtained in restraint tests. This lack of response in the 
hardenable steel is discussed further later on. 


Cooling Rates 


The data in Fig. 22 suggested that there might be 
certain ranges of cooling rate or of metallurgical structure 
which would exhibit a maximum sensitivity to hydrogen. 
Behind this idea was the possibility that very hard, 
brittle structures might mask the effect of hydrogen, 
while very soft structures would be virtually insensitive. 
Accordingly, the 1025 steel was welded at 15, 10 and 6 
in. per minute at room temperature and at 10 in./min. 
with 400° F. preheat. In addition, a high chemistry 
Mn-Ti steel was tested with HTS and E 6010 welded at 
room temperature and at 400° F. preheat, the latter 
temperature being necessary to reduce the high-heated 
zone hardness of this steel. 

In Fig. 23, the difference between HTS and E 6010 
on 5. A. E. 1025 plate is seen to disappear when the 
cooling rate is lowered by preheating or by larger heat 
input. On the other hand, the hardenable Mn-Ti plates 
showed a greater divergence between E 6010 and HTS 
when welded under conditions providing slower cooling 
and softer structure.* Thus, there may be a hardness 
range in which the dissolved gas has its most marked ef- 
fect on ductility. 


Artificial Treatments of the Electrode 


An objection may be raised to the use of two electrodes 
whose coatings provide low- and high-hydrogen contents, 
since any differences in performance that are developed 


* Heated zone hardnesses are indicated on the curves. 
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Fig. 22—Longitudinal Bend Tests on Various Steel Plate 
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may be due to a dissimilarity between the electrodes 
other than gas content. , In order to probe this possi- 
bility, HTS electrode was given artificial treatments to 
provide a hydrogen-rich atmosphere. Welds were made 
on’0.18 C semi-killed plates, in which the HTS electrode 
was soaked in water, in oil and others in which an atmos- 
phere of city gas was maintained around the arc. 
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Fig. 23 (a)—Longitudinal Bend Tests, Effect of Cooling Rate 
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Figure 24 contains the results of the artificial treat- 
ments. Only a slight impairment of properties results 
from the introduction of hydrogen into the welds pro- 
duced with HTS electrode. 

Experiments in the reverse direction were attempted, 
in which E 6010 was baked before welding to reduce its 
hydrogen content. Baking temperatures as high as 
1000° F. did not affect appreciably the results on 1025 
steel previously shown in Fig. 22. 


Measurements of Gas Evolution 


It is possible to get a rough measure of the volume of 
hydrogen absorbed in a weldment by placing a small sec- 
tion under a collecting tube filled with mineral oil at 
room temperature. A number of welds using E 6010 
and HTS electrodes were deposited on carbon and Mn-Ti 
plates, and immediately afterward sections were placed 
in the eudiometer tubes. The E 6010 welds emitted 1.3 
cc. of gas per inch of weld, while the HTS welds gave off 
less than 0.4 cc. per inch. Virtually the final volume of 
gas was collected in 24 hr., and some 80% of this escaped 
in the first 8 hr. Although the gas was not analyzed, it 
was found to be combustible and appeared to be largely 
hydrogen. 

The significance of this gas released at room tempera- 
ture related to the effects of the absorbed hydrogen is not 
in the least clear, but it is some indication that the 
phenomena may be partially temporary. If such is the 
case, the behavior of hydrogen during fabrication should 
be more troublesome than in service. The data obtained 
on the structural steels appear to support this view. 


Compression Loading of Restraint Tests 


Since the restraint test was shown to be highly sensitive 
to hydrogen-bearing electrodes while the bend test did 
not respond to nearly the same degree, the thought oc- 
curred that a delay in the loading arising from restraint 
to the shrinkage of the weld might alter the cracking 
tendency of E 6010 welds. 

In order to test this idea, restraint tests were prepared 
from a high chemistry Mn-Ti steel which had been 
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found to form base metal cracks at 3'/2 in. of restraint. 
These specimens were cut to 6 in. restraint level. Two 
specimens were welded with E 6010 and 45 sec. later were 
loaded at the midpoint of the weld length in a tensile 
machine under 30,000 Ib. compression. One hour later 
the load was released. When these specimens were cross- 
sectioned, they showed base metal cracks. Two addi- 
tional specimens were given identical treatments except 
that the load was maintained for 24 hr. When this second 
set was cross-sectioned, no cracks could be found. Here, 
then, was additional evidence that an aging period may 
lessen the influence of hydrogen to a marked degree. 


Variation in Notch Radius 


During the examination of the results obtained with 
the specimen of Fig. 1 and described above, the question 
arose as to whether a less severe notch might be more 
sensitive to the conditions under study. A few experi- 
ments were included to consider this point. 

It is realized that notches of varying design can be 
made to give the same kind of information by proper 
regulation of other factors, such as specimen size and 
temperature of testing. It is even possible to measure 
the notch sensitivity of steel by a series of tests at con- 
stant temperature but with varying notch radii. An illus- 
tration of this is given in Fig. 25 in which are reported 
tests on 0.18 C semi-killed steel welded with E 6010 and 
HTS electrodes. All conditions were held constant ex- 
cept for the notch radius, which was varied in steps from 
0.01 to 0.19 in. A transition from shear to cleavage 
failure was noted, and again HTS electrode welds per- 
formed slightly better than those of E 6010. 

In order to accumulate some data on less severe notches 
‘/,in. plates of S. A. E. 1025 plate and of Mn-Ti were 
re-tested with a 0.19-in. radius notch. In Fig. 26 it will 
.be noted that the HTS welds show appreciably higher 
ductility than E 6010 and slightly lower transition tem- 
peratures. Even the Mn-Ti steel responded to the change 
in the electrode, whereas in tests using the 1 mm. radius 
notch, it behaved the same with both electrodes. As to 
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Fig, 24—Longitudinal Bend Tests, Artificial Treatment of HTS 
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HTS Weld Bent 4° 


E 6010 Weld Bent 3° 


E 6010 Weld Bent 7° 


E 6010 Weld Bent 4° 


Fig. 27—Interrupted Bend Tests on S.A.E. 1025. Sections of 15 Diam. 


be expected, the level of the bend angles is raised con- 
siderably by increasing the notch radius. 

It is not intended to show by these data that the de- 
sired results can be obtained by suitable adjustment of 
the notch design. Figure 26 does not alter the general 
conclusion that in structural steels, the influence of hydro- 
gen is much less important in service properties than it 
is in fabrication properties. 


Locus of Crack Formation 


There is little need to remind the reader of our in- 
complete understanding of the causes for the impairment 
of steel properties by the welding operation. This lack 
of knowledge extends to the initiation of cracking under 
external load. The heated zone is assigned responsibility 
for lowering the properties, but little is known of the 
mechanism or of the locus in the complex structure in this 
zone at which the initial rupture appears. 

Some preliminary probing has been undertaken to dis- 
cover where the first crack appears and at what stage in 
the deformation. In lieu of developing an electrical or 
magnetic method of detecting initial cracking, a number 
of specimens were placed in the bending jig and were 
loaded so as to furnish sections that had undergone bend- 
ing from 3° up to a value which produced an easily visible 
crack. These sections were then cut transverse to the 
notch length (and crack direction) at various points in 
the vicinity of the weld and polished for microexamina- 
tion. Photographs of a series of polished sections so 
obtained are given in Fig. 27. The S. A. E. 1025 plate 
was chosen for the tests and welded with HTS and with 
E 6010. 

The most surprising feature of the tests is that an easily 
detectible crack occurred at 3 to 4° bend angle in a speci- 
men which had been shown to bend 17° before maximum 
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load was reached. Tentatively it can be assumed that 
rupture initiates in the coarse grains of the heated zone. 
This does not mean, however, that they are solely re- 
sponsible for reduced ductility. The location of these 
grains with respect to the notch root places them in 
unfavorable circumstances. The fact that the specimen 
can be bent some 14° farther, before the cracking begins 
to reduce the load that can be supported, raises the 
question whether crack formation or crack propagation 
determines the deformation which can be experienced 
Of particular interest is the behavior of specimens under- 
going test at temperatures resulting in sudden cleavage 
failures. In the S. A. E. 1025 plate, cleavage failure oc- 
curs at 7°, a very considerable deformation beyond the 
3° at which a crack is known to have formed. Thus the 
possibility must be faced that the critical structure ma) 
not be that structure in which the first crack forms, but 
may be that structure in which rapid crack propagation 
can take place. The problem is receiving further study. 


Discussion of Results 


In survey, the results of the tests which have been 
described above were less definitive than had been antic 
pated. The reduction of properties in the presence 0! 
hydrogen was less than expected, particularly in the mor 
hardenable steels. It should be kept in mind that base 
metal cracks are not a problem in the fabrication o! “ic 
soft steels, and therefore the behavior of the low = 
carbon plates in these bend tests is not surprising. 2 
validity of the test method might be thrown in dou)t" 
it were not for the fact that it has demonstrated cesar 
factory sensitivity to steel composition, metallursi 


. structure, welding heat input, and pre- and post heat 


treatment. 
With some caution, the conclusion may be advan 
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Fig. 28—Relative Position of Specimens in the Steel Plate and 
in the Weldment 


that in structural steels the damage to be expected from 
hydrogen will be much less serious in service conditions 
than during fabrication. This statement is at least not 
in contradiction with previous analyses of the hydrogen 
problem. Additional study is necessary to resolve this 
question completely. 


Part III—Effects of Hydrogen in Heat Treat- 
ment and Welding as Shown by Charpy Tests* 


Introduction 


One of the limitations in studying the part played by 
hydrogen in weldment properties is the difficulty of vary- 
ing the hydrogen content without introducing other vari- 
ables, which may prevent a clear interpretation of the 
results. For example, the use of different coatings to 
supply a large or small volume of hydrogen may be accom- 
panied by other unconsidered changes in the properties 
of the welds produced, 

As a remedy to this problem, one of the authors sug- 
gested that a series of specimens be subjected to heat 
treatment in hydrogen bearing and hydrogen free atmos- 
pheres followed by quenching at various rates. This 
technique would permit the gas content and the metal- 
lurgical structure to be varied with less interdependence 
and would eliminate unknown effects of deposited weld 
metal. Since the specimen had to be small to allow a 
uniform structure throughout its section, the Charpy 
V-notch bar was chosen for the tests. The additional 
advantage of using a standard test was thus provided. 

lhe experiments to be described in this part of the 
report, then, were designed to yield further information 


on the properties of structural steels after exposure to 
hydrogen. 


Steels 


Three steels were selected to cover a range of chemical 
composition : S. A. E. 4130, S. A. E. 1025, and Mn-Ti 


From a doctoral dissertation submitted by C. P. Sun. 
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high-tensile steel. Analyses are given in Table 7. The 
4130 was received as annealed plate, but the 1025 and 
Mn-Ti plates were normalized from 1650° F. in this 
laboratory. The high-tensile steel plate was originally 
%/,-in. plate and had to be planed to '/2 in., the same 
thickness of the other two steels. The location of the 
test specimens in these plates is described later. 


Experimental Procedure 


Selection of Test 


With regard to weldments in structural steels, ductility, 
toughness and notch sensitivity are most important 
among their physical or mechanical properties. Either a 
slow-bend test or a notched-bar impact test can be used 
for measuring these properties. However, when con- 
sidering the heat treatment which is described later, and 
the time elapsing from treatment to testing, it was evi- 
dent that the notched-bar impact specimen would be 
more suitable. 

The relative position of the specimen in the plate is 
shown in Fig. 28A. The direction of the notch, which 
was perpendicular to the surface of the plate, was so 
chosen that it would minimize the effect of segregated 
streaks and, in the case of weld specimens, would pass 
through both the weld metal and the unaffected base 
metal as well as the entire heat-affected zone. This is 
illustrated in Fig. 28B. 

An Olsen impact testing machine was used for break- 
ing the specimens. Tests were run using the full energy 
capacity of the pendulum, which is 264 ft.-lb., with a 
striking velocity of 16'/» ft. per sec. 

For each condition, 10 to 24 specimens were broken at 
temperatures ranging from —100° F. up to 300° F. 
This provided a curve of the energy absorption vs. tem- 
perature for comparison. All specimens were held for at 
least 15 min. at testing temperature before being tested. 


Synthesizing Heat Treatment 


It is well known that, in general, the heat-affected zone 
is the most brittle part of the weldment. Thus, the 
treatment employed in this study should be aimed at 
reproducing the structure of this zone. After some pre- 
liminary tests, the following procedure was found satis- 
factory and was adopted throughout the investigation: 


1. The specimen was machined to finish size, milled 
on the notch and a small amount of borax applied 
at the notch to protect it from decarburization dur- 
ing the heating. 

2. An arrangement as illustrated in Fig. 29 was set 
up, so that either wet hydrogen or chemically pure 
nitrogen could be conveniently admitted into the 
heating tube. The nitrogen was used here simply 
as a protecting gas.* During the heating, the gas 
was adjusted to flow into the tube under a pressure 
head of approximately 1-in. mercury column as 
indicated by the manometer. At least 10 minutes 
flow was allowed to wash out the previous gas in 
the tube when changing from one atmosphere to 
the other. The specimen remained in the tube for 
a total of 10 min., which was necessary for the speci- 
men to become saturated with hydrogen in a wet 
hydrogen atmosphere. This was predetermined by 
an experiment, in which the specimens were held at 


* Since the behavior of nitrogen thus absorbed in the steel was not yet 
thoroughly understood, the use of nitrogen here might leave some uncertainty 
in the results. However, if, as generally believed, nitride was formed and 
subsequently precipitated out on cooling, it should impair the ductility and 
make the steel comparatively brittle. It seemed safe then, to attribute all the 
detrimental effects to hydrogen in comparison with that treated in nitrogen. 
In case more convincing data are desired, some noble gas, such as argon, may 
be used. 
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type high temperature 
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Fig. 29—Arrangement for Heating the Specimen for Synthe- 
sizing Treatment Sreec Mn-li 
Normarizeo, /650°F. 


Sreee 4/350, —e— Grain Size 7-8, Harpness (IS VAN 
—e— Size 7-8, Nanoness 197 VAN —o— Grain SizE 2-3, Haroness /28 VHN 
Gram Size 1-3, Harowess VAN 


Fig. 30 (c)—Effect of Grain Size, Steel Mn-Ti 


heat in the furnace for various times and the gas 
evolved from them after quenching was observed. 
This experiment also revealed that it took approxi- 
mately 3'/2 min. for the specimen to get up to the 
furnace temperature. 
In order to obtain specimens of different hardnesses 
for comparison, they were quenched directly into 
water, mineral oil or air cooled. The air cooled 
7s specimens were quenched when cooling had reached 
Tancennrene, ‘P black heat in order to minimize hydrogen loss. 
Fig. 30 (a)—Effect of Grain Size, Steel 4130 Thorough checks showed that no measurable hard- 
ness change was incurred by this practice. Un- 
ie doubtedly, a variation of hydrogen content occurred 
with the change of cooling rate from water to air 
cooling. 
Except for the study for aging effects, all spect- 
mens were tested 30 min. after being taken out 
from the furnace. 


Test for the Evolution of Gas from the Specimens 


In order to study the aging effect, it was necessary to 
know the rate and the amount of hydrogen evolved irom 
the specimens. This was done by quenching the spect 
mens and putting them immediately into gas collecting 
tubes filled with mineral oil. The gas evolved was re- 
corded at regular intervals. 


Ewercr, Fr-le. - 


Experimental Results 


Effect of Grain Size 


700 200 Figures 30A, B and C show the effect of grain size 0! 

TaMPERATURS, °F these steels on their impact values. Specimens o! fe 

grained steel 4130 were made of the as-received, ann aled 

Sreec /025 material, while the coarse grained ones were machined 
Norraatizep, 1650°F. from plates annealed at 2150° F. The fine grained steels 


1025 and Mn-Ti were obtained by normalizing from ! 0!) 


F. and the coarse grained samples were made by heating 
to 2150° F., furnace cooling to 1650° F. and norm: — 
Fig. 30 (b)—Effect of Grain Size, Steel 1025 from 1650° F. This was done in order to get simile 


—e— Gran Size 7-8, Haroness /44 VHN 
—o— Grain Size 2-3, Haroness /43 VHN 
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Steel Mn-Ti 


Effect of Hydrogen, 


32 (c) 


Fig. 


structure and hardness in the specimens of different grain 
size. 

These graphs make it clear that the coarsening of grain 
size will raise the brittle or transition temperatures of 
steels, but with no significant effect on their maximum 
impact values. 


Effect of Hardness and Constituents 


Results of testing specimens heated in nitrogen at 2150° 
F. and quenched to various hardness are presented in 
Figs. 314, Band C. The methods of quenching and the 
resultant hardness are also shown there. The dotted line 
curves without experimental points are reproductions of 
the coarse grained specimens of corresponding steels, as 
shown in Figs. 30A, Band C. They are drawn here for 
comparison. 

A survey of these graphs shows that, though the 
maximum energy absorbed changes greatly with hard- 
ness, it does not affect the transition temperature nearly 
so much. In general, the maximum energy absorbed 
increases with the decrease of hardness. 


Effect of Hydrogen 


Experiments on effect of hardness and microstructure 
were repeated with specimens heated in wet hydrogen 
instead of nitrogen, The results are plotted in Figs. 324, 
Band C. The dotted line curves are reproduced from 
Figs. 314, Band C. They are curves for corresponding 
steels heated in nitrogen. Vickers hardnesses of the 
specimens are shown also on the graphs. 

There are several interesting features shown by these 
curves: 

|. In general, the hydrogen treatment has lowered the 

impact energy; the harder the specimen, the greater 
is the lowering. At low hardness, the effect is 
negligible. 

2. Hydrogen has relatively little effect on the transi- 

tion temperature. 


ixpertment on Gas Evolution 


Preliminary tests on gas evolution showed that a large 
portion of the gas in the specimens was escaping during 
oil quenching. Finally, the experiment was carried out 
by quenching the specimens in water. About 20 sec. 
elapsed from taking the specimen from the furnace to 
putting it into the gas collecting tube. Results of evolu- 
tion of gas from specimens heated in wet hydrogen for 
‘0 min. are shown in Fig. 33. It is to be noticed that, at 
the end of one week, the rate of gas evolution was prac- 
tically zero for all specimens. Furthermore; 50% of the 
gas was evolved in the first 8 hr. No attempt was made 
to analyze the gas evolved from the specimens. How- 
“ver, it popped when a lighted match was touched to the 
sas, which suggested that the principal content of the gas 
was hydrogen. 

Only a tiny bubble, less than 0.1 cc., of gas was evolved 


it the end of one week from specimens treated in nitro- 
gen. 


Aging Effect 


The lowering of impact energy reported in item 1 under 
Effect of Hydrogen’”’ could have been temporary. As 
shown in Fig. 33, gas evolution from specimens treated 
in hydrogen practically stopped at the end of one week. 
it the damage was entirely due to the pressure built up 
r mternal rifts, it might recover with the evolution of 
= r 0 check this possibility, specimens of steels 
se 1025 were treated in hydrogen and aged for one 

‘ek and then tested. The results are given in Fig. 34. 


1947 


The points give the impact energy for specimens after 
aging one week, while the solid lines, which are repro- 
duced here from Figs. 32A and B, represent results of 
testing made only 30 min. after the specimens were taken 
out of the furnace. These points fit the lines so well that 
it can hardly be said that there is any recovery from the 
week’s aging. This suggested that the hydrogen which 
can escape at room temperature was not responsible for 
the observed effects. 


Double Treatment 


The question arises: is the lowered toughness in the 
presence of hydrogen caused by actual ruptures in the 
steel? No cracks or ruptures were observed under micro- 
scopic examination. To study this problem further, two 
groups of specimens of steel 1025 were chosen. The first 
group was treated in hydrogen while the second group 
was treated in nitrogen. Afterward they were all tem- 
pered at 1000° F. and retreated in nitrogen. The results 
of the testing of these two groups of specimens are given 
in Fig. 35. It is evident that the second treatment in 
nitrogen had remedied the damage caused by hydrogen 
in the first treatment. This indicates indirectly that the 
damage resulting from the first treatment was not really 
due to ruptures or cracks, since defects of that nature 
should not be remedied by heat treatment alone. 


Effect of Welding 


The welds were made by laying a bead along the central 
line at one side of plates measuring 12x 3x '/,in. All 
welds were made on the original plate surface with the 
scale ground off. An automatically controlled welding 
head and a d.-c. welding generator were employed in 
making these welds. The traveling speed was 10 in. per 
min. and the voltage and the amperage used were 27V., 
175A., for E 6010 electrode, and 24V., 197A. for the HTS. 
This gave a heat input of approximately 30,000 joules 
per inch in both cases. 

After the welding, samples were cooled in air to tem- 
peratures below 200° F. and, then, were dipped in water 
to cool to room temperature. This was necessary to 
make the tests within 10 hr. after the welding. 

About one inch of the weld from each end was dis- 
carded to eliminate the end effect. The welds were 
machined to test specimens with orientation relating 
to the original plate as illustrated in Fig. 28. All speci- 
mens were tested about 8 to 10 hr. after welding. How- 
ever, in order to study the aging effect, one set of speci- 
mens machined from a sample of steel 4130 with an E 
6010 weld was tested after aging for one week at room 
temperature. 

Results of testing of these welded specimens are shown 
in Figs. 36A, Band C. Here again, the dotted line curves 
are for the coarse grained steels at either annealed or 
normalized condition. They are reproduced from Figs. 
3A, BandC. The following characteristics are observed 
in these curves: 


1. For the individual steels, transition temperatures 
of the weldments made with both electrodes were 
practically the same and were roughly coincident 
with that of the coarse grained base metals. 

The weldments made with E 6010 electrode showed 

a widely scattered region at and above the transi- 

tion temperatures. As shown in Fig. 9A, after 

aging for one week, the results were comparativelv 
consistent and were approaching the upper limit 
of the scatter. 

3. Though the difference was not great, the impact 
energy of specimens welded with HTS electrode 
was definitely higher than that welded with E 6010 
electrode. 
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Conclusions 


The results of this study lead to the following conclu- 
sions: 

1. Hydrogen can be shown to lower the ductility of 
steel in notched-bar impact tests. This lowering of duc- 
tility appears to be proportional to the hardness of the 
microstructure, being negligible in soft steels. 

2. The effects of hydrogen can be shown in Charpy 
bars both after heat-treatment and after welding. 

3. The action of hydrogen is secondary to that of 
microstructure, the latter exerting a far stronger effect. 

4. Large grain size has been shown to raise the transi- 
tion temperature of steels markedly. Above the transi- 
tion temperature the ductility is little affected by grain 
size. 
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Author's Reply 


The authors are indebted to Captain Roop for his 
valuable comments on their recent paper dealing with a 
preliminary study of the problem of correlating notched 
bars and simple structures as regards brittle fracture. 


_ Captain Roop’s comments refer mainly to the brittle 
iracture of ship plates. While the authors are also very 
much concerned with the ultimate application of the 
methods so developed to the ship problem, it was origi- 
tally their intention to proceed in a move general 
lashion so that the results would have possibly a wider 
field of application, namely to any structure or machine 
part in service. This more general objective has influ- 
enced the choice of experimental procedures. 


As was mentioned in the paper, the experiments re- 
ported are of a preliminary nature designed to explore 
some of the possibilities of the method outlined. Much 
‘emains to be done. Several of the gaps in the knowledge 
oi this subject have been pointed out by Captain Roop. 
\ number of these have been under investigation here 
aid we hope that additional light can be shed on them 
‘Na lorthcoming publication. 


Table 7—Analyses of Steels 
Steel S. A. E.4130 S.A. E. 1025 Mn-Ti HT 
Cc 0.31 0.24 0.13 
Mn* 0.51 0.66 1.15 
3 0.022 0.020 0.021 
Ss) 0.024 0.022 0.024 
Si* 0.24 0.19 0.16 
Ni* 0.23 0.07 0.04 
0.96 0.04 0.03 
w* <0.04 <0.04 <0.04 
v* <0.02 <0.02 <0.02 
Mo* 0.21 0.007 0.005 
Cu* 0.07 0.06 0.03 
Al* 0.023 0.016 0.035 
<0.004 <0.004 0.050 
B* <0.001 <0.001 <0.001 
Sn* 0.015 0.006 <0.003 


* Spectrographic results. 


Thanks are due also to Mr. J. H. Deppeler and the 
Metal and Thermit Co. for welding two series of test 
plates and submitting them together with radiographs. 

Mr. Martin Sheska was responsible for the extensive 
machining operations which were required for the proj- 
ect, as well as the building of apparatus. 

Certain promising aspects of this investigation are 
being continued under the sponsorship of the Welding 
Research Council. 

The statements and opinions expressed in this-article 
are those of the authors and do not necessarily express 
the views of the Navy Department. 


The notched tension bar appears to be preferred by 
Captain Roop as compared to the notched bend speci- 
men. The authors do not feel that the notched tension 
specimen has any particular advantage over the notched 
bend specimen for the practical solution of this problem 
since it is possible to so orient the notches relative to the 
plane of bending to produce essentially the same state of 
stress in the surface layers as for a notched tensile speci- 
men. If the surface layers are of special interest, they 
can thus be tested in bending at full scale thickness as 
well as by a tension test. The bend test in this problem 
also has the advantage of allowing greater deflection for 
the detection of initial flow and smaller loads and equip- 
ment to test a structure of a given size. The recording 
equipment is also simpler. If layers below the surface 
of the plate are of special interest, proper location of the 
notch will critically determine conditions existing there 
by the bend test. 

The authors do not mean to convey the idea that the 
notched tension specimen is not also useful. This merely 
happens to be one of those cases for which the bend test 
is also quite practical and useful. 

Other than in matters of detail, there appears to be no 
basic difference of opinion between the authors’ views 
and the comments of Captain Roop. 
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A Preliminary Investigation of the Spot 
Welding of ——— Rusty Structural 
teel 


By W. D. Doty* and W. J. Childst 


Foreword 


HIS research project was conducted in the Weld- 

ing Laboratories of the Rensselaer Polytechnic 

Institute and was sponsored by the Ingalls Iron 
Works Co., Inc. of Birmingham, Ala. The advice and 
assistance of R. I. Ingalls, Sr., and H. W. Lawson, of 
the above organization, was greatly appreciated. 


Summary 


This report describes a preliminary investigation of 
the spot welding of scaly and rusty structural steel. 
Welds in this study were made by means of a preheat and 
weld sequence involving variable current and pressure. 
Spot-weld consistency was studied using scaly steel hav- 
ing little or no rust, and also with steel which was both 
scaly and rusty. It was tentatively concluded that with 
rust-free scaly steel, satisfactory spot welding can be 
accomplished with reasonable electrode life and weld 
strength consistency using a preheat and weld procedure. 
Spot welds can be made in musty, scaly steel using the 
same process but with poorer consistency and more rapid 
electrode deterioration. 


Introduction 


The purpose of this preliminary investigation was to 
study the feasibility of spot welding steel plate possessing 
a scaly and rusty surface. Since rapid electrode deteriora- 
tion, together with inconsistency in weld size and 
strength, occurs when scaly and rusty steel plate is spot 
welded with the customary single stage welding pro- 
cedure, it is common practice to require grit blasting, 
pickling or grinding to remove the scale and rust before 
welding. This surface preparation places a limitation on 
the extensive use of spot welding of structural plate and 
rolled sections. 

The presence of scale and rust results in a nonuniform 
high surface resistance causing excessive generation of 
heat between the sheets and at the electrode surfaces. 
This condition produces very high temperatures at local 
points and creates metal flashing and expulsion from be- 
tween the sheets and at the electrode contact surfaces. 
Such excessive and nonuniform heating causes greatly 
decreased electrode life and inconsistency in weld size 
and strength. 

It had been suggested that a high pressure-low current 


t Welding Laboratory, Rensselaer Polytechnic Institute, Troy, N. Y. 
* 


Welding Metallurgist, Carnegie-Illinois Steel Corp. 


preheat prior to the normal weld period would sub- 
stantially limit the temperature rise at the surface con- 
tact points until more intimate contact had been estab- 
lished and thus permit the satisfactory spot welding of 
scaly and rusty steel. This preliminary investigation was 
therefore carried out to see if such a welding procedure 
would be feasible. 


Fig. 1 (a)—Typical Plate ~—eeee Scaly, Almost Rust-Free 
tee 


Fig. 1 (b)—Typical Plate Illustrating Scaly and Rusty Steel 
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Weld Diameter 

Previous spot welding experience in this laboratory 
with grit blasted material indicated that a spot weld 
diameter of at least twice the sheet thickness would be 
required to obtain satisfactory consistency. A _ weld 
diameter of 0.80 in. was therefore selected for this 
investigation. 


CURRENT ——e 


Vlectrode Contour 


In order to eliminate local melting and flashing at the 

plate interfaces and attain uniformity in weld shape, a a 
symmetrical current distribution at the plate interface is 
necessary. This condition may be best approached with 
electrodes designed to produce intimacy of contact and 
to maintain sufficient pressure at the center of the weld 
area during the entire welding sequence. To meet this 
condition a dome-shaped electrode contact surface of 


PREHEAT wELo limited diameter was chosen. 


Time Electrode Force 


Fig. 2-Schematic Diagram Showing Relationship Between In order to obtain intimate contact between the 
. Current and Pressure During the Welding Process plates being welded, a high electrode force was applied 


PRESSURE ——= 


Selection of Welding Conditions 


The materal used in this investi- 
gation was */s- x 3-in. hot-rolled 
mild steel strip which possessed a 
heavy black scale together with 
areas of rust. The surface condi- 
tion varied over a rather wide 
range. A little more than half of 
the total amount of material was 
reasonably free of rust and pos- 
sessed an even black scale on the 


surface. The appearance of the 

plate, shown in Fig. 1 (a), is typical = 

quantity of material varied in sur- WORMS, 
nearly complete black scale. to the 


extreme, shown in Fig. 1 (0), of 
practically all rust on the surface. 


Fig. 3—-Photomacrograph of the Cross Section of a Weld Made in Scaly Steel. 3.5 x ey 
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SCALY AND 
RUSTY MATERIAL | | 


AVERAGE 
SHEAR STRENGTH 


during a low-power level preheat 
| period. The electrode force was 
then lowered upon initiation of the 
high-power level weld period to 
+— avoid distortion during the plastic 
stage. Sufficient force was applied 
during the weld period, however, to 
minimize porosity. Figure 2 indi- 
cates schematically the relationship 
between pressure and current for 
each period of the double stage weld- 
ing process. 


AVERAGE 
SHEAR STRENGTH 


IN POUNDS 
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VARIATION , 
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Preheat 


The application of a preheat prior 
to welding materially reduces the 
likelihood of metal flashing and ex- 
pulsion by reducing the current den- 
sity at both the electrode-to-plate 
and plate-to-plate interfaces. The 
3 25 50 100 value of preheat current used was 

NUMBER OF WELDS obtained by determining the maxi- 
fig. 4—Graph of the Results Obtained in the First Series of Consistency Tests on Scaly mum current which could be passed 
and Rusty Steel without producing metal flashing 
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and expulsion at the surfaces. This value 
of current was maintained for a period of 


time long enough to produce plate softening 


and plastic adhesion at the plate-to-plate 


interface without melting. At this point in 
the welding sequence, intimacy of contact 


existed and the high resistance scale and rust 


had been made sufficiently conducting to 


(B) SECOND SERIES 


permit the application of the welding current. 


When the welding sequence was interrupted 
at this point and the weld interface examined, 


it could be seen that the oxide scale had 
separated from one of the plates in some 
areas and adhered to the scale on the adja- 
cent plate. The surface where the oxide 
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separation took place appeared shiny and 


clean. However, the oxide had not disap- 
peared and must therefore have been subse- 


quently dissolved in the weld metal. 


Weld 


The shortest weld time was selected in 
which it was possible to make a weld of the 
desired size using a power level which avoided 
flashing and expulsion. 

On the basis of the procedure which has just been 
discussed, welding conditions were established for the 
spot welding of the */s-in. scaly and rusty structural 
steel. 


Consistency Studies 


In order to quantitatively evaluate the desirability of 
welding scaly and rusty material using a preheat prior 
to the normal weld period, consistency studies were 
made of weld size and strength. 

Starting with freshly machined electrodes in each case, 
two weld series were made. In the first series, 70 welds 
were made in material picked at random with a surface 
quality which varied from a condition of nearly com- 
plete black scale to an extreme of practically all rust on 
the surface. The second series consisted of 300 welds 
made in scaly material possessing very little rust, and 200 
additional welds made with the same electrodes using 


40000 


125 250 375 
NUMBER OF WELDS 
Fig. 5—-Graph Showing Variation in Weld Diameter 


material with large quantities of rust in addition to 
surface scale. In each series, weld size consistency was 
studied by examining the macro-structure of a cross 
section of each tenth weld. The macro-structure was 
revealed by etching with a 10% solution of ammonium 
persulphate. The two welds preceding and the weld 
following each tenth weld were tested for shear strength. 
The test specimens were obtained by spot welding two 
3- x 8-in. plates at the center of the 3-in. overlap. 


Alternate Welding Procedure 


The two-stage welding procedure was designed to 
provide a low-power level preheat period for the avoid- 
ance of flashing beneath the tips and resultant pitting 
of the electrodes, combined with a high-power level weld 
period to produce the desired weld size. Therefore, it 
seemed desirable to use a sequence in which both the 
preheating and welding operations were combined in a 

single stage employing a current start- 
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ing at a very low value and increasing 
as rapidly as conditions permitted to 
a sufficiently high value of current 


to produce the desired weld. Using 
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this procedure, the transfer from high 
to low electrode force took place just 
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/\ prior to melting at the weld inter- 


face. 
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Such a welding procedure was et- 
ployed in the making of a number 0! 


VARIATION 


welds, and was found to be very satis- 


factory. There was no problem of 


VARIATION 
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flashing between the tips and perfectly 
satisfactory welds resuited from the 


COEFFICIENT OF 


operation. The current cycle was ob- 


tained by manually varying the phase- 


shifting control. However, 4 control 


fi 


could be built to perform this eer 
tion automatically. A more thoroug! 
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investigation of the spot welding 0! 
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Fig. 6—Graph Showing Results of the Second Consistency Run. The First 300 Welds 
Were Made on Scaly, Rust-Free Steel; the Next 200 Welds Were Made on Rusty, Scaly 
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Steel 


scaly and rusty steel using this tyPe 
of control should be expected to result 
in welds made with less rapid electrode 
deterioration and permit a reductio® 
of the total welding time. 


500 


WELDING RESEARCH SUPPLEMENT 


pri 
sati 
gen 
sim 


} 
is 
Ved 
aa 
10 
Tat 
rr 
diti 
ditic 
fron 
500 
shez 
belo 
redt 
vari 
diar 
tain 
wel 
The 
actu 
4 
4 
\ 
| | | Reouction strencta,| | | | | 
Vela 
AG 
Fi 
JUNE 
360-s 


Results 


Using the preheat and weld sequence described in the 
procedure, it was found possible to obtain apparently 
satisiactory welds in scaly steel. These welds were, in 
general, normal in appearance when compared with 
similar welds made in grit-blasted steel. In some cases, 
however, the fused region was not located directly in 
line with the electrodes but was displaced to one side. 
This was due to nonsymmetrical current flow which in 
turn was probably caused by the oxide scale. Figure 3 is 
a cross-sectional photomacrograph of a typical weld 
made in the scaly steel. 

Welding conditions for optimum results are listed in 
Table 1. These conditions were used throughout the 
investigation for checking weld consistency. 

The first series of welds for checking the consistency 
of the process was made on steel varying in surface con- 
ditions from almost unbroken scale to nearly complete 
rust. The results are plotted in Fig. 4. It can be seen 
from the data that for the first forty welds the average 
shear strength shows a maximum reduction of strength 
of 6.0% and the coefficient of variation has remained 
below 7.5%. However, the remaining thirty welds 
show considerably poorer properties as indicated by a 
reduction in strength of about 15% and a coefficient of 
variation up to 16%. 

When tested in shear, the weld interfaces were smeared 
making it difficult to obtain an accurate value of the weld 
diameter. Consequently, the weld diameters were ob- 
tained by examining the etched structure of each tenth 
weld which was sectioned for macroscopic inspection. 
The resultant diameters are plotted in Curve A of Fig. 5. 
Since the plotted diameters were not obtained from the 
actual welds tested in shear, but on similar welds made 


Fig. 7 (a) Electrodes After 70 Welds on Scaly and Rusty Steel 
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Table 1—Optimum Welding Conditions 


Time, Electrode Current, 
Sec. Force, Lb. Amp. 
Preheat 5 13,400 14,700 
Weld 3.5 6,700 22,300 
Electrode shape: Dome radius, in. 10 
Limiting diam., in. 7/s 
Conical approach 30° 


Weld diameter, in. 0.80 


at the same time, exact correlation in all cases between 
plotted weld diameter and shear strength is not to be 
expected. 

The second consistency run was composed of 300 
welds made in the scaly steel having little or no rust. 
The electrodes were then photographed and 200 more 
welds made on the same electrodes using steel which was 
both scaly and rusty. The results for the 500 welds are 
plotted in Fig. 6. For the first 300 welds made on non- 
rusty material only six points show a reduction in 
strength greater than 10%. The weld diameters are 
fairly consistent ranging from 0.70 to 0.82 in. except for 
two points where they drop to 0.60 and 0.55 in. as shown 
in curve B, Fig. 5. 

In the subsequent 200 welds made on rusty, scaly steel, 
the results became more erratic. Here all but six 
points in Fig. 6 show a reduction in strength greater than 
10% and three points exceed a 20% reduction. The 
coefficient of variation is likewise higher, with eight out 
of twenty points greater than 20%. The weld diameters 
show a greater deviation and in general are smaller as 
shown on curve B, Fig. 5. 

It may be considered that a coefficient of variation of 


Fig. 7 (b)—-Electrodes Aiter 300 Welds on Scaly, Rust-Free Steel 
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10% is approximately the maximum that can be tole- 
rated. The results indicate that welds made in rusty 
steel tend to exceed this 10% value after about 40 
welds. Using nonrusty, scaly steel, 300 welds were made 
with only one value over 10%. The shear strength of 
the welds made in the rusty, scaly material is not only 
more erratic but tends to be lower than that obtained on 
rust-free material. 

The condition of the electrodes after the seventy 
welds made on the mixture of scaly and rusty stock is 
shown in Fig. 7 (a). Figure 7 (0) is a photograph of the 
electrodes after 300 welds had been completed on the 
scaly, rust-free steel. It is obvious that the electrodes 
had deteriorated much more in making the 70 welds on 
the partly rusty material than in making 300 welds in 
the scaly but rust-free steel. 

One interesting fact was apparent in making the spot 
welds in the material that was both rusty and scaly. 
In the first series of tests the welds were made starting 
with freshly machined electrodes. The second run on 
rusty and scaly material was begun after 300 welds had 
first been made on scaly rust-free material. Surprisingly 
enough the electrodes conditioned by the 300 welds on 
nonrusty material seemed to resist pitting and other 
deterioration better than the freshly machined electrodes 
had done. After 500 welds, including 300 on scaly but 
rust-free material and 200 on rusty and scaly material, 
the electrodes were in no worse condition than they had 
been after the series of 70 welds on rusty and scaly 
material. 

Unfortunately it was not possible to make parallel 
consistency studies on grit-blasted steel for comparison 
purposes. However, previous experience would seem to 
indicate that somewhat better consistency and less 


Abstract 


Stress Corrosion Crack- 


ing of Mild Steel’ 


By James T. Waber, “er and Hugh J. McDonald, 


GENERAL “precipitation” theory of stress cor- 

rosion has been developed which states that high 

local stresses induced by the presence of a crack 
accelerate the formation of a galvanic cell, by acceler- 
ating precipitation, and the crack grows by the dissolu- 
tion of newly formed anodic material. The applica- 
tion of this theory to mild steel is based on the following 
previously known facts: (1) the effects of minor ele- 
ments and of heat treatment on resistance to “boiler 
embrittlement,’’ nitrate attack age hardening are 
similar in kind and degree, (2) corrosion cracking and 
age hardening are caused in general by the precipitation 
of some material; by the precipitation of probably iron 
nitride in the case of steel (3) precipitation is accelerated 
by straining and (4) high stresses are produced locally 


* From 1.4 published by Corrosion Publishing Co., 1131 Wolfendale 
St., Pittsburgh 12, Pa. 

ft Research Assistant Professor of Chemistry, Member of Staff, Corrosion 
Research Laboratory, Illinois Institute of Technology, Chicago, III. 

t Professor of Chemistry, Director, Corrosion Research Laboratory, Illinois 
Institute of Technology, Chicago, III. 


electrode deterioration would be obtained by using 
cleaned steel. 

It cannot be assumed without further study that the 
spot welds obtained in scaly steel are equal in mechanica| 
properties to those made in clean steel. If the oxide scale 
is dissolved in the weld metal, as appears to be the case, 
the welds would tend to be more brittle than oxide-free 
welds. The shear test used in this investigation would 
not necessarily reveal this fact. It would thus be ad. 
visable to investigate more thoroughly the mechanical 
properties of these welds by means of normal tension or 
normal impact tests. 


Conclusions 


From the results obtained in this preliminary investi- 
gation, the following tentative conclusions may be mac 
regarding the spot welding of scaly and rusty structural 
steel. 

1. Satisfactory spot welds can be made in scaly 
structural steel plate by means of a preheat and weld 
sequence involving variable current and pressure. 

2. Spot welds can be made in rusty, scaly steel using 
the same process but with poorer consistency and more 
rapid electrode deterioration. 

3. Using scaly, rust-free steel, 300 welds were made 
with acceptable consistency before electrode redressing 
was necessary. 

4. Using freshly machined electrodes, only about 4() 
welds were made on rusty, scaly steel before the shear 
strengths became excessively erratic. 

5. As a general conclusion, if rusting is avoided, 
satisfactory spot welding with reasonable electrode life 
can be accomplished without removing the mill scale 
found on hot-rolled structural steel. 


by the presence of cracks. The present theory stands 
as an improvement over a theory of intergranular attack 
which failed to explain the accelerating influence of 
stress. All other theories failed to explain all of the 
following facts: (1) stress corrosion cracks are mostly 
intercrystalline, slightly transgranular, and _ slightly 
branched, (2) elements in the steel affect resistance to 
cracking, and (3) cracking is inhibited by (a) cathodic 
protection, (6) compressive stresses and (c) removal ol 
nitrogen, The stress acceleration of the precipitation 
of iron nitride and the formation of ferrous hydroxide 
from it by corrosion are both thermodynamically teas 
ible. A “free nitrogen factor’ which measures the 
amount of nitrogen available to form iron nitride has 
been developed. Significant linear correlations have 
been shown to exist between any two of the following 
three (a) extent of aging, (b) rate of cracking and \’ 
“free nitrogen factor.” It has been shown that \ 
the removal of nitrogen renders steel resistant to stress 
corrosion and (6) the proper reintroduction of mitroge” 
renders steel susceptible to stress corrosion again. It 
has been shown that steel may be protected from stre> 
corrosion by (a) shot peening, (b) nitriding, (c) cathodic 
protection, (d) wet hydrogen treatment and (¢) inhibt- 
tors. 

The authors wish to thank the Welding Resear! 
Council, the Engineering Foundation, Chicago Bridge 
and Iron Co., American Steel Foundries and the Ar 
mour Research Foundation for the continued suppor 
of this program of research. A grant-in-aid was os 
by the American Academy of Arts and Sciences for 
purpose of buying some special equipment. 
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Introduction 
) WN CONNECTION with our recent Magnaflux in- 
a spection of the atom smasher tank, it was decided 
4 to make strain measurements at critical points during 


a pumping-up operation. The tank is an all-welded pear- 
shaped pressure vessel, as shown in Figs. 1 and 2. The 
details of the welding and construction have been re- 
portedt and need not be repeated here. At the time of 
the original pressure tests on the vessel (1937), the 
critical section was considered to be the circumferential 
joint between the 7/s-in. sphere plates and the 1%/,-in. 
cone plates. Strain measurements made at that time 
with Huggenberger tensometers indicated stresses above 
the theoretical value by 70 and 100% in the horizontal 
and vertical planes, respectively. These values have 
always been considered rather doubtful due to possible 
temperature variations in the plates during the test. 


* Mechanics Dept., Westinghouse Electric Corp., East Pittsburgh, Pa. 

tT Jennings, C. H., “‘Are Welded Atom Smasher,’’ The Welding Engineer, 
24, 17-19 (Dec. 1939) 
t Brown, A. L., and Smith, J. B., ‘‘Failure of Hydrogen Storage Tank,”’ 
hanical Engineering, 66, 393-397 (1944) 


1—Westinghouse 30-Ft 


. Diameter ‘‘Atom Smasher” Tank 


Fig. 


Atom Smasher Tank Stresses as 


Measured by SR-4 Strain Gages 


By T. F. Hengstenberg* 


By using the SR-4 resistance type strain gages in the 
present measurements, temperature variations are largely 
compensated for by an inactive gage in the bridge cir- 
cuit. Another reason for conducting the present strain 
measurement tests was that a previous investigation of 
tank stresses! showed the critical stresses to be at the 
manhole openings. 


Method of Measuring Strain 


The type A-5-SR-4 strain gages of '/, in. gage length 
used were bonded to the tank with Duco cement. The 
various locations inside and outside the tank were such 
that five different compensating gages were employed 
to insure a more accurate temperature compensation. 
Strain readings were taken from two Portable Strain 
Indicators located at two reading stations; (1) top 
manhole platform and (2) second floor of atom smasher 
building. The strain indicator consists of an a.-c. bridge 
manually balanced with a null indicating system. Leads 
from all inside gages were brought out through one of 
the 4-in. terminal nozzles in the bottom of the tank. 
All active and dummy gages were connected to the strain 
indicator through a 3-bank Centralab selector switch. 
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Fig. 2—Design of ‘‘Atom Smasher” 
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Location of Gages 


The 30-in. manhole in the spherical position of the 
tank was considered to be the most critical. As a result, 
the major portion of the gages were located in and around 
this manhole. One gage was located in the bottom of 
the tank at the edge of the 14-in. nozzle, two outside on 
the spherical bottom midway between the 14-in. nozzle 
and the bottom 30-in. manhole. As a check on the origi- 
nal stress measurements, one pair of gages was mounted 
just above the weld on the spherical portion at the 
sphere-cone joint. This point was just opposite the 
ladder leading up to the platform. With the exception 
of the locations at the inner edge of manhole and nozzle 
all points had two gages attached along the apparent 
direction of the principle stresses. All gages and their 
respective locations are listed in Table 1. Figure 3 is a 
cross-section view of upper manhole tube, looking into 
the tank showing the position of gages 1, 2 and 6 to 11, 
inclusive. The outside manhole gages are shown ce- 
mented in place in Fig. 4. 


Test Procedure 


The strain gages were installed during one of the 
periodic shutdowns to inspect the large vacuum tube 
bolts inside the tank. The gages were applied between 
the 25th and 28th of April. Strain indicator readings for 
zero pressure were recorded in the afternoon of the 29th 
and in the morning of the 30th. Between these two 
readings the temperature dropped from 25 to 13° C. at 
the manhole platform station. The variation in the two 
zero readings were from 5 to 50 micro-inches. This dis- 
crepancy might be accountable to either unequal re- 
sponse to temperature changes of the tank plates and 
the relatively smaller bars to which the compensating 
gages were cemented, or to thermal stresses set up in the 
tank. The zero strain reference was taken as the average 
of the two readings. 


PEAR SHAPED PRESSURE TANK TOP 30" MANHOLE 


Fig. 3—Gage Locations at Manhole Station 


Gage 
No. 
1 


2 


Dummy 
Gage 
T; 


T, 


Location 

Top of inner edge in upper 30- 
in. manhole 

Bottom of inner edge in upper 
30-in. manhole 

Edge of bottom 14-in. nozzles 
inside tank 

Tank bottom outside, be- 
tween 14-in. nozzle and bot- 
tom manhole 

Tank bottom outside, between 
14-in. nozzle and bottom 
manhole 

Outside upper manhole neck, 
adjacent to collar plate 
weld. Top 

Outside upper manhole neck, 
adjacent to collar plate 
weld. Top 

Outside upper manhole neck, 
adjacent to collar plate 
weld. Side 

Outside upper manhole neck, 
adjacent to collar plate 
weld. Side 

Spherical shell plate—next to 
collar plate weld. Opposite 
8 and 9 

Spherical shell plate—next to 
collar plate weld. Opposite 
8 and 9 

Spherical plate—cone plate 
joint—*/, in. above weld 

Spherical plate—cone plate 
joint—*/, in. above weld 


Direction , 
Circumferential 


Circumferential] 
Tangential 


Horizontal 
Vertical 

Axial 
Circumferential 
Axial 
Circumferential 
Vertical 
Horizontal 


Vertical 


Horizontal 


The first run was made on May | when the pressure 


was brought up to a maximum of 86 Ib. Readings were 
taken without stopping the pump at 27, 46, 65 and S6 
Ib. The first readings were at 8:20 A.M., while the last 
set was read at 3:30 P.M. During the day the tempera- 


Fig. 4—Manhole Gages Cemented in Place 
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Table 2—Strain Measurements on Atom Smasher Pressure Tank 


Strain in Microinches per Inch 


l Manhole— Manhole— Sphere Plate Sphere Plate 
Manhole Bottom Bottom Tank Outside—Top Outside—Side Collar Cone 
] Inside Nozzle, Sphere, Circum- Circum- Verti- Hori- Verti- Hori- 
Pressure, Circumference Tangential Outside Axially, ference, Axially, ference, cal, zontal, cal, zontal, 
Lb. per In. 1 2 3 4 5 6 7 8 9 10 11 12 13 
97 147 144 28 29 41 117 137 S4 136 65 90 55 104 
16 240 241 45 45 59 157 228 145 239 130 173 118 178 
65.5 336 338 59 62 57 186 293 198 329 180 257 137 210 
86 432 431 79 78 77 225 = 377 252 422 224-321 181 268 
Second Run 
21 87 105 19 20 18 49 100 73 110 56 79 54 68 
35 169 177 34 32 45 63 156 108 175 86 125 88 109 
40 200 201 46 27 42 89 187 119 196 90 139 99 121 
67.5 316 344 87 63 66 133 302 175 307 138 197 164 196 
al 75.5 358 375 84 64 72 159 336 219 350 161 251 171 212 
80.5 388 411 80 76 76 176 373 229 389 183 264 201 247 
ial ture at the platform station rose from 12.5 to 31°C. A er ( 
second run consisted of strain readings taken over the inal BPM Te + vey) 
next two days as the pressure was released. Readings , 
during the second run were recorded at 75.5, 40, 67.5, 2" 
35, 21, 0 and 81 Ib. pressure. , 
) P a, = ——, (e, + ve.) 
| 2 
Test Results where 
= stress in horizontal direction 
Strain readings at the various locations are tabulated oy = stress in vertical direction 
in Table 2. €y = measured strains in horizontal and vertical 
Stresses as determined from strain readings are shown directions 
in Tables 3 and 4. Manhole stresses at the various loca- E = Young’s Modulus = 30 x 10° psi. 
_ ti : ded in Table 3, while the tank plat = Poi , io = 0: 
; ions are recorae in abie 56, Wnhue e tan piate y = Poisson’s ratio = 0.3 
stresses are given in Table 4. At the points of biaxial Wh tak 
cipal strain, the stresses were calculated from the follow- Mucro-inches the above lormulas reduce to: 
eTa- 


ing equations: o, = 33(e’. + 0.3e’,) 


Table 3—Upper Manhole Stresses, Psi. 


Inside— Outside—Top Position Outside—Side Position Tem- 
. Pressure, Circumference Axial Circumference Axial Circumference perature, * 
Lb. per In. Av. of l and 2 (6) (7) (8) (9) ‘ 
27 4,350 5,200 5,700 4,150 5,300 12.5 
46 7,200 7,400 9,100 7,150 9,300 16.0 
~ 65.5 10,000 9,000 11,500 9,800 12,800 27.5 
‘ 86 13,000 11,150 14,600 12,500 16,400 31.0 
21 2,900 2,600 3,800 3,500 * 4,350 30.5 
35 5,200 3,600 5,750 5,300 6,800 29.5 
40 6,000 4,800 7,000 5,900 7,600 28.8 
67.5 10,000 7,400 11,200 8,800 11,800 19.5 
75.5 11,000 8,600 12,700 10,700 13,700 27.9 
81 12,000 9,500 14,000 11,400 15,100 22.5 


. 
Temperature measured at top of manhole tube at time of strain reading. 


Sphere Plate at Collar Weld Sphere Plate at Cone Joint Bottom Sphere Plate 14-In. Nozzle 
Pressure, Vertical Horizontal Vertical Horizontal Vertical Horizontal Tangential 
Lb. per In. (10) (11) (12) (13) (5) (4) (3) 
27 3,000 3,600 23800 4,000 1650 1350 850 
46 6,000 7,000 5600 7,000 2400 2100 1350 
65.5 8,500 10,200 6600 8,300 2500 2600 1750 
86 10,600 12,800 8600 10,600 3300 3300 2400 
21 2,600 3,170 2400 2,800 800 825 570 
35 4,100 5,000 : 4000 4,450 1800 1500 1000 
40 , 4,350 5,500 4450 5,000 1650 1300 1400 
67.5 6,500 7,850 7350 8,100 2800 2700 2600 
75.5 7,800 9,850 7750 8,700 3000 - 2800 2500 


81 8,650 10,500 9100 10,000 3300 3300 2400 


} 
: 
¢ Table 4—Atom Smasher Tank Plate Stresses, Psi. ; 
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and 


oy = 33(e’, + 0.3e'.) 


Manhole stresses are shown plotted against pressure in 
Fig. 5. Measurements at the top and side positions on the 
outside of the manhole and the inside circumferential 
readings are included. Tank plafe stresses measured at 
the manhole collar plate and at the sphere-cone joint are 
shown graphically in Fig. 6. The theoretical stress line 


included is computed from the formula 
= PD/At 
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Fig. 5—Manhole Stresses; Top 30-In. Manhole 


pressure in Ibs. per sq. in. 
diameter of sphere (360 in.) 
plate thickness (7/s in.) 


Discussion 


Examination of the test results from Figs. 5 and 6 
indicates that the critical part of the tank is at the man- 
hole rather than at the sphere-cone joint. The average 
circumferential stress on the outside of the manhole tube 
is 18,000 psi., at 100 lb. pressure, as compared to 11,000 
psi. at the sphere-cone weld. The circumferential stresses 
in the manhole tube measured approximately 50°, 
greater than the axial stresses. 


From Fig. 6, we note that the measured stresses in the 
sphere plate check very close to the theoretical stress, a 
point that has been very much in doubt since the origi- 
nal tests were made in 1937. If the stress curve for the 
horizontal direction at sphere-cone joint were shifted to 
pass through the origin the maximum deviation from the 
theoretical line is approximately 5%. From the sphere 
plate stresses measured at the manhole collar plate, we 
note that the horizontal stress is 15% higher than the 
vertical stress. This is apparently due to the stress 
concentration effect of the collar plate weld. It should 
be noted here that the horizontal stress was measured 
at a point °/,. in..away from the weld and thus does not 
reflect the full stress concentration effect at the edge of 
the weld. The stress in the vertical direction, being 
parallel to the weld at this point, is not affected by the 
weld fillet. 


The measured stresses in the bottom of the tank are 
very low and need not be considered. 
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The Evaluation of Mechanical 
Properties of High-Tensile Steel 
for Welded Structures 


By Otto Graf* 


Translator’s Forword: 

The subject treated below is not new to the American reader 
since it deals with residual stress and brittle failures in welds, but 
it should be of interest, as it reflects the view of a man whose 
field of research was primarily in Civil Engineering. Of especial 
interest is the discussion of the effect of residual stress on the ac- 
ceptance test for the determination of the Y.P. 

The author, and apparently most of the civil engineers, prefer to 
base the acceptance test on the behavior of a structural member as 
awhole. But by doing so, they make the acceptance test depend- 
ent to a large extent on the presence or absence of the residual 
stress, as Shown conclusively by previous workt and the tests re- 
ported below. 

In the opinion of the translator such an acceptance test is open to 
criticism, since it is knownt that a single application of load close 
to the Y.P. of the material is capable of removing most of the 
residual stress, and that on reloading the specimen, the Y.P. of the 
stress-free material is reestablished generally. 


Abstract 


The following questions often have been raised in connection 
with the use of structural high-tensile steel in the past few years: 

1. What conditions are to be set for the establishment of the re- 
lation between the permissible working stress and the Y.P. in 
tensile test? 

2. What is the effect of the residual stress? 

3. What experimental procedures and what characteristics are 
useful in the selection of the proper type of steel? 

In order to answer these questions a series of experiments was 
carried out on the steels listed in Table 1. The experiments in- 
cluded: the examination of the structure, chemical analysis, usual 
mechanical properties, creep at constant load, pulsating fatigue 
limit, bending of plates with welded bead, notch impact test, be- 
havior of large I beams in bending, etc. 

The chemical analysis ranged as follows: C, 0.11 to 0.21%; 
ot, 0.25 to 0.60%; Mn, 0.55 to 1.47%; Cr, 0.08 to 0.40%; Mo, 
0.0 to 0.20%; Al, 0.0 to 0.053%. 

Thus, the steels were of the rimmed as well as killed variety. 
Besides, they differed in the way in which they were treated during 
and after rolling. 


The Relation Between the Permissible Load Stress 
and Y. P. 


N ORDER to determine the effect of prolonged 
Static loading on creep, samples of steel were sub- 
mitted to a tensile stress as shown in Table 2. 
it appears from this Table that stresses even as high as 
“¢ of the Y.P. produce only insignificant permanent 
‘et. The nature of steel had little effect on this behavior. 
Likewise the fatigue behavior was quite satisfactory 
~ though the pulsating stress was raised close to the 
aan oe the lower limit of pulsation being 0.1 of the 


. As seen f rom Table 1 the upper Y.P. is almost the same 
as the 0.2% YP. Therefore, the permissible stress 


may be taken as a fraction of either of them. By making 


t Nentracted by D. Rosenthal from V.D.I., 87, 422 (July 10, 1943). 
(Feb 1943)" J. T., and Rosenthal, D., THe WetpING JouRNAL, 22, 63-s 


Table 1—Mechanical Properties of the Investigated Steels 


———Steel—_—_~ TS. ¥.P. Va. Elon- Reduction 
Designa- 1000 =1000 1000 gation, of Area, 
tion Making Psi. Psi. Psi. 
St G With Al 67.0 44.8 42.0 27.5 62 
St 52 With Al 75.5 50.8 51.0 24.4 56 
St P No Al 69.8 45.5 44.0 29.9 60 
St P With Al 68.0 45.0 42.5 28.1 71 
St 52 No Al 83.5 53.5 55.0 25.5 68 
St 52 With Al 78.0 53.0 52.3 26.6 70 
this fraction = 1/1.5, the following mimima for the 


upper yield point must be obtained according to the 
existing regulations: (1) for steel St 37 whose permissible 
working stress is 14 kg./mm.? (19,850 psi.) the upper 
Y.P. = 21 kg./mm.? (29,700 psi.). (2) for steel St 52 
whose permissible working stress is 21 kg./mm.* (29,700 
psi.) the upper Y.P. = 31.5 kg./mm.? (44,600 psi.). 

If the Y.P. is higher than as indicated above, the per- 
missible working stress may be increased accordingly. 

For thick plates and rounds the above values of the 
Y.P. cannot be guaranteed at present for the St 37 
variety, but they can for the St 52 variety of steel. 

In order to find out the practical significance of the 
Y.P., large flange I beams, designated as I.P. 28, were 
made of various kinds of steel, and they were tested in the 
as rolled, stress relieved, and normalized condition. 
It was found that the load carrying capacity of the as 
rolled beams increased in the same ratio as the Y.P. of 
the steel for a given amount of permanent deflection. 
Therefore it appears justifiable to rate the load carrying 
capacity of the beams according to the value of the Y.P. 
of steel. 


Effect of the Residual Stress on the Load Carrying 
Capacity 


The above statements require qualification in the pres- 
ence of residual stress. For example, Fig. 1 shows the 
amount of permanent deflection found in 3 different I 
beams made of an almost identical material, as evidenced 
by the values of the Y.P., viz. 45,500 psi., 45,000 psi., and 
45,500 psi. The beams were tested in the following 
conditions: as rolled, stress relieved, and normalized. 
The as rolled beam contained an appreciable amount of 
residual stress which lowered its load carrying capacity 
(as defined by the amount of permanent set correspond- 
ing to a given value of stress). The stress-relieved beam 
showed the best resistance. 

In the as rolled beams the residual stress is a result of 
cooling and hot working. This residual stress is dis- 
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Fig. 1—Deflection of Three Rolled I Beams Treated as Follows: 

Stress Relieved—Open Circles; Normalized—Crosses; As 

Delivered—Closed Circles; Ordinates: Bending Stresses in 
Kg./Sq. Mm.; Abscissae: Deflection in Mm. 


tributed more or less evenly throughout the section of 
the beam. . Moreover, as a rule the metal is ductile. 
The situation is quite different with welded beams. For 
example, fillet welds connecting the flanges to the web 
are submitted to a high residual tension which is very 
localized. Furthermore, the base metal around the fillet 
welds undergoes an increase of hardness and loss of duc- 
tility during welding. Numerous small cracks thus may 
develop in the hardened heat-affected area because of 
this condition and the presence of shrinkage stress. Ifthe 
cracks are formed in a notch sensitive material, they will 
spread more rapidly. From the above discussion it fol- 
lows that although the residual stress may affect the 
load carrying capacity of a rolled beam as a whole more 
than that of a welded one (if permanent set is the limiting 
factor), the presence of tiny cracks makes the latter more 
sensitive to fracture. 


The Suitability of a Structural Steel for Welding 


Because of the above circumstance it was necessary to 
set up a test which would distinguish between suitable 
and unsuitable steel for welding. The following tests 


L=6d+300 
Fig. 2—Experimental Set Up for Weld Bead Bend Test 


The bead is deposited in a semi-circular groove of 4 mm. diam. 


eter (about 0.1 in.) and is not machined 


are indicative of the requirements to be met. Flat 
bars of steel of the quality St 52, 50 x 250 mm. cross see. 
tion (1.97 x 9.85 in.) received a longitudinal weld bead 
on one of their faces. When bent as shown in Fig. ? 
they broke in a brittle fashion with an angle of bend o/ 
only 10°. Similar specimens annealed in dull red, with: 
subsequent decrease of residual stress and hardness, 
could be bent to from 51 to 94°. 

However, it is not always possible to remove th 
residual stress in welded structures by annealing. In 
such cases, it is necessary to employ a material which is 
not notch-sensitive in the as-welded condition. In 
order to obtain some indication as to possible limitations 
in this respect, specimens were machined from actual 
welded beams which gave brittle failures in practice. It 
was found that these specimens when tested according | 
Fig. 2 broke in a brittle fashion with an angle of bent of 1 
more than 32°. On the other hand, specimens machined 
from I beams which withstood large deformations with- 
out failure, could be bent to an angle which in no cas 
was less than 36°, and the fracture, at least partly, was 
of a shear type. 

Finally, it was found that the unsuitable steel wa 
notch sensitive only at low temperature, which confirme: 
the finding that welded structures so far failed only ™ 
winter time when the temperature was low. 

In the light of the above results the solution seems ' 
consist of selecting a steel that would maintain a su! 
ficient degree of ductility in the presence of sharp notelits 
and at the lowest service temperature. The test pet 
formed according to Fig. 2 appears to be a good criteril 


of suitability. Notch impact testing also gives ust 
indications. 


Table 2—Results of Application of Steady Loads in Tension Between 59 and 84° F. 


Value of Steady Load 


Designation 
of Steel 


St G with Al 
St 52 with Al 


% of 0.2% 
39.6 95 
39.6 95 50 

46.0 90 


1000 Psi. 6 to 12 Min. 


39.5 
38.0 


49.9 
47.0 


With Al 49.8 


Rate of Creep 1074 % 


14 to 24 Hr. 


/Hr. from Permanent Set 
Test As Unloaded, 10 Min Reco? 
80 to 100 Hr. Hr. a ( 
0. 143.7 0.1228 


0.§ 168.2 0.0611 4 
0. 116 0.0176 O14 


100 0.0221 
100.5 0.0240 


(9229 
99.7 
121 


0.0243 
1.3833 1 3827 
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)Note on the Influence of the Water-Content of 
yan Electrode-Coating on the Hydrogen-Content 
of Weld Metal 


By W. P. van den Blink* 


widely held that the hydrogen content of weld 
metal is raised by an extra amount of water in 
the coating. Since the investigations of M. W. Mallett! 
} have indicated that the hydrogen content of weld metal 
§ is determined by the partial pressure of the hydrogen gas 
» in the arc atmosphere, the foregoing opinion would imply 
§ that a water addition to the arc atmosphere will raise the 
partial pressure of the hydrogen. That this is not cor- 
rect under all circumstances is demonstrated in this 
paper 
Mallett! has shown that the composition of the 
;arc atmosphere of the most diverse types of welding 
electrodes is governed by the water-gas equilibrium at 
about 1500—1800° C. 
If we suppose the equilibrium reaction 


H.O + CO = + CO, (I) 


to be established at constant values of pressure and tem- 
perature, it depends entirely upon the relative values of 
the partial pressures whether an addition of H,O to the 
rc atmosphere will raise or lower the partial pressure of 
the hvd ilrogen. 

_ it is true that the total amount of hydrogen always 
nereases if water is added to (I), but under certain cir- 
cumstances the partial pressure may decrease because of 
the diluting effect of the H.O vapor. A simple calcula- 


p ‘ton, given at the end of this paper, shows that this effect 
sgoverned by the function 


Pre 


(II) 


lf F is positive an addition of H.O will raise the Hy» 


Pressure, while if F is negative a lowering of the He pres- 
sure will result. 


Maatilation of F for the compositions given by M. W. 


Mallett! gives the following values listed: 


3 MONG welding metallurgists the opinion is 


* Res 
Hollan ~ he Laboratory of N. V. Philips’ loeilampenfabrieken Eindhoven 


Code 
Name Type Puo Pco Pca F 

Xi E6010t 0.162 0.407 0.394 0.027 —2.1 

X2 E6013t 0.172 0.367 0.423 0.088 —1.3 

X; E6020 0.206 0.414 0.342 0.038 —2.1 

Xy Experimental 0.090 0.192 0.634 0.084 +0.49 

X; Experimental 0.104 0.169 0.613 0.114 +0.54 
LHLC* 

Xe Experimental 0.122 0.1544 0.595 0.129 +0.55 
LHLC* 

X; Experimental 0.174 0.107 0.499 0.220 +0.60 
LALC* 

Xs Experimental 0.082 0.075 0.684 0.159 +0.80 
LHLC* 

X» Experimental 0.081 0.106 0.686 0.127 +0.73 
LHLC* 

X, Commercial 0.081 0.087 0.690 0.142 +0.74 
LHLC* 

Xu Commercial 0.021 0.021 0.771 0.187 +0.95 
LHLC* 

Xi Experimental 0.015 0.018 0.798 0.169 +0.96 
LHLC* 


Larson’s datat 0.056 0.512 0.421 0.011 —2.2 


* Low-hydrogen lime coated. 
Cellulose-type‘coating. 


These figures indicate that it is to be expected, in the 
types E6010, E6013 and E6020, that the H, content of 
the arc atmosphere and, if the hydrogen balance between 
gas and steel is reached, the H, content of the weld metal 
as well, will decrease if the moisture content of the coating 
is increased. On the contrary, weld metal deposited by 
low-hydrogen electrodes will show an increasing hydrogen 
figure if water is inserted in the coating. 

Probably the lowering of the partial pressure of Hy, in 
the arc atmosphere by water in cellulosic type coatings 
is one of the reasons why J. B. Arthur’ found that the 
number of flakes in weld metal decreases with increasing 
moisture content in such coatings. 

In a recent paper by M. W. Mallett and P. J. Rieppel* 
one of the experiments described is to steam an E6010 
coating so as to raise the occurrence of underbead crack- 
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ing. The results of these experiments are not convincing, 
and the authors come to the conclusion that: ‘an in- 
crease in hydrogen above a certain concentration in arc 
atmospheres has little further effect in producing crack- 
ing.” It might be that this conclusion is somewhat 
premature, as from our calculations it is to be expected 
that in an E6010 are atmosphere the hydrogen content 
will decrease if the water content of the coating is in- 
creased. 

The calculation of the effect of H,O addition to the 
water-gas equilibrium goes as follows: 

Suppose we start with a water-gas mixture, in equilib- 
rium at a certain temperature and a total pressure of 1 
atmosphere, the partial pressures of HO, CO, He and 
CO; being a, b, c and d, respectively, and the total amount 
1 mole. 

To a first approximation the gases may be supposed 
to behave as perfect gases, so that partial pressure mole 
fraction. 

If at constant values of pressure and temperature u 
mole of H,O is added to this mixture, a part of this H,O, 
e.g. v mole, will be decomposed to re-establish the 
equilibrium. 


v mole H,O + v mole CO @ mole He. + v mole*CQ,. 


After this reaction the partial pressures (mole fractions) 
are as follows: 


a+u-—v _b-» 
ct+o 
He CO:: 


The reaction constant is given by 


_ poor 
(Cc+v)\@+v) _ ad 


that (a+u—v)(b—v) ab 


Supposing that uw and »v are infinitesimally small with 
regard to a, 6, c and d, this leads to the equation 


(IV) 


v 


The condition for an increase of c (the He-pressure) duc 
to an addition of H,O is 


l+u 
which, in combination with (IV), gives 


> 


1 1 1\ 


1 
or: F=1— pa: - pmo + 


On the contrary, the H: pressure will decrease if F < 0. 
Of course, this calculation gives only the direction in 
which the H; pressure changes after the first H,O addition. 
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Contribution to the 
Study of Expansion 
and Contraction’ 


By P. Berthet 


N 1942 the French Air Ministry and the French 
Institute of Welding sponsored a study of welding 
in aircraft construction, particularly shrinkage. 

The general plan of the research has been to measure 

shrinkage on various types of joints prepared under labo- 

ratory conditions. By using the results for individual 
joints, the shrinkage of large structures can be com- 
puted, Fig. 1. Tests have been made on unrestrained 
joints and on joints restrained in a cast-iron frame. 

Joints in plates and tubes have been studied in the follow- 
ing metals: unalloyed steel, chromium-molybdenum 
steel, aluminum and alloys of aluminum containing 3, 
5 and 7% magnesium. Arc and gas welding were used, 
and the effects of changes in welding procedure were 
studied. All in all about 500 specimens have been 
studied. Experience has shown that it is possible to 
arrive at a close approximation to the shrinkage in a 


* Abstract of “Contribution a l’etude des phenomenes de dilatation et 
retrait’ published in Soudure, 1, 25-33 (1947). Abstract made by G 
Claussen, Chief Metallurgist, Reid-Avery Co. 
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| 1000 MM 
~~ 1001.65 MM BEFORE WELDING 


SHRINKAGE SHRINKAGE _ 


0.5 MM 0.65 MM 


Fig. 1—Computing the Total Shrinkage of an Aircraft 4 
sembly by Addition of the Shrinkages of the Individua! Joints 


complicated structure by summing the shrinkage 
each of the individual joints. ‘ elds 

The research on the transverse shrinkage of butt we" 
in sheets has given rise to the notion of “stabilized po 
age,” which is illustrated in Fig. 2. This diagram a : 
shrinkage measurements on butt welds made W “ * 
torch in aluminum-magnesium alloy sheets 0.079 ™. 
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thick, 80 to 350 mm. wide and 80 to 200 mm. long. As 
the width of the specimen is increased, the plot of shrink- 
age tends to approach a straight line. The value of 
shrinkage along this straight portion of the plot is called 
stabilized shrinkage. For Al-Mg alloy sheets 0.079 in. 
thick shrinkage was the same (stabilized) for all joints 
10 in. long or longer. For a given width of specimen, 
that is, for a given length of weld, stabilized shrinkage is 
observed for lengths of 18 in. or more. While a value of 
stabilized shrinkage is found for any width of specimen, 
the shrinkage increases as we increase the width until 
the shrinkage reaches a value that is not exceeded on 
further increasing the width. This maximum value of 
shrinkage is called “‘maximum stabilized shrinkage.” 
The values of the maximum stabilized shrinkage for 
aluminum and for aluminum containing 3, 5 and 7% 


3.2 


: 

o| o ‘o 


32,40 | 10” 13.8" 


Fig. 2—Transverse Shrinkage Due to Fusing a Line Through 
the Center of Aluminum-Magnesium Alloy Sheets 0.079 In. 
Thick by Means of a Torch 


—-+—-+— line of fusion by torch. 

O = point 1!/s in. from one end of the sheet at which the line of 
ys was interrupted to allow reversing the position of the sheet 
n the vise. 


S.S. = stabilized shrinkage = 0.0063 in. 


= 


magnesium are shown in Table 1. These results were 
secured with sheets 8 in. wide and 14 in. long for sheets 
0.039 and 0.079 in. thick, while sheets 0.158 in. thick had 
to be made 18 in. long to secure a horizontal portion in 
the shrinkage curve. In other words, the line of fusion 
was 8 in. long in all tests. The results show that shrink- 
age increases with thickness, but decreases as the strength 
of the sheet is increased. These tests were repeated by 
welding two sheets together instead of running a line of 
fusion across the width of the sheet. Depending on the 
tacking procedure, the shrinkage was greater for the 
welds than for the lines of fusion. For example, for 
aluminum sheets 0.079 in. thick the maximum stabilized 
shrinkage was 0.016 in. for the welds compared with only 
0.008 in. for the lines of fusion. ¥ 


‘Table 1—Maximum Stabilized Shrinkage in Aluminum 
and Aluminum-Magnesium Alloy Sheets 


Maximum Stabilized Sheet, In. 
0.039-In. 0.079-In. 0.158-In. 


Material Sheet Sheet Sheet 
Aluminum 0.0047 0.0087 0.0173 
Aluminum-3% magnesiumalloy 0 0.0087 0.0142 
Aluminum-5% magnesium alloy 0.0020* 0.0063 0.0118 
Aluminum-—7% magnesium alloy 0.0055 
* = expansion. 


Tests were made to evaluate the effect of tacking on 
shrinkage. For aluminum sheets 0.079 in. thick, 8 in. 
wide, 14 in. long the shrinkage was 0.0177 in. for six 
tacks and 0.0146 in. for ten tacks. Increasing the num- 
ber of tacks and increasing the strength of the sheet 
both reduce shrinkage by increasing shrinkage stresses in 
the sheets. 

The speed of welding’ also affects shrinkage. Using 
aluminum sheets 0.079 in. thick, 8 in. wide, 14 in. long 
it was found that increasing the time required to fuse a 
path across the sheet from 5 to 15 min. increased the 
shrinkage from 0.0063 to 0.0090 in. The acetylene con- 
sumption of the torch varied between 30 and 40 cu. ft. 
per hour. 


TOUGHNESS OF WELDED JOINTS 


_ Determining the toughness of welded 
jonts in steel structures by measuring the 
load-carrying ability of specimen welds 
'S proposed in a research report for sale by 
the Office of Technical Services, Depart- 
ment of Commerce. The report was pre- 
pared for the Watertown Arsenal Labora- 
tory, Watertown, Mass., by Capt. S. A. 
Herres, now with Battelle Memorial In- 
stitute, Columbus, Ohio. 
_ The proposal, according to the report, 
s that tests of specimens including 
Welded joints should be compared with 
‘est results on similar specimens of un- 
welded metal. The tension side of the 
welded specimen should represent the 
regular surface of the weld. In this way, 
the toughness or ability of the welded 
adjust its shape to withstand 
taal can be evaluated, just as the 
br €ss of unwelded steel is measured 
'Y applying a load on a bar that contains 
4 small notch. 
: be manifestation of toughness which is 
important in many uses to which 


steel may be put, the report states, is the 
property of plastic flow that smooths 
over a rough place where stress is concen- 
trated. Instead of cracking at the notch 
or rough place, a piece of tough steel flows 
enough to adjust its section not only to 
reduce the stress concentration but also to 
line up any weak places in the direction 
of the force. 

Toughness of bars of unwelded metal 
is determined, according to the report, 
by staridard tests that depend upon the 
effect of notching as compared with simi- 
lar loading on wunnotched specimens. 
Toughness is manifest by flow that 
smoothes out the effect of the natch. The 
notched-bar tests are not suitable for 
welds, however, for two reasons: The 
material generally varies so much that it 
is impossible to get representative values, 
and the irregular surface of the weld 
gives the effect of additional notching. 
For these reasons, comparison of welded 
and unwelded specimens is urged as a bet- 
ter criterion of toughness. 

The report gives the results of a series 
of bend tests on steel heat-treated to ap- 
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proximately equal strength but to differ- 
ent levels of toughness and with various 
kinds of notching. Tests were made at 
70 degrees above and 40 degrees below 
zero Fahrenheit. The results show that 
deep notching and low testing tempera- 
ture greatly decreased the load-carrying 
ability of the more brittle specimens. 

The results reported cover preliminary 
tests in a program of evaluating mechani- 
cal effects in welded joints and structures. 
On the basis of these results, the report 
suggests the load-carrying test as practical 
for welded joints, with rate of loading and 
testing temperature selected to represent 
the worst conditions expected in service. 

Orders for the report, PB-49082; 
Mechanics of Welded Structures; Effects of 
Stress Concentrations and Residual Stresses 
on Mechanical Properties of Welded 
Joints, photostat, $1; microfilm, $1; 
12 pages, table should be addressed to 
the Office of Technical Services, Depart- 
ment of Commerce, Washington 25, D. C., 
and should be accompanied by check or 
money order, payable to the Treasurer of 
the United States. 
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An Investigation of Beams with Butt 
Welded Splices Under Impact 


Part I—Impact and Static Tests on Beams with 

Butt-Welded Splices and Plain Beams Including 

Preliminary Studies of the Resistance to Impact 
at Sub-Zero Temperatures 


By W. J. Krefeld* and E. C. Ingallst 


Scope 


The investigation recorded in this report was concerned with the 
resistance to impact loadings of rolled structural steel beams with 
butt-welded splices. The procedure includes increment drop, re- 
peated drop and static tests on plain and welded beams which, in 
addition to the indication of the sufficiency of the welded joints 
which they provide, also furnish experimental data on the dy- 
namic behavior of the beams and the stress conditions to which the 
welded joints were subjected. Supplementary impact tests at low 
temperatures were included in the investigation. The results of 
mathematical analyses dealing with the dynamic behavior of 
simply supported beams under centrally applied impact load is 
presented with application to the experimental results. 

This investigation was conducted by the Civil Engineering Re- 
search Laboratories of Columbia University under the sponsorship 
of the Welding Research Council of the Engineering Founda- 
tion and direct supervision of an advisory sub-committee of the 
Structural Steel Research Committee of the Welding Research 
Council. This work was planned and started in 1941. 


Introduction 


HIS investigation was intended to obtain factual 
data on the resistance and dynamic behavior of 
structural steel beams with butt-welded splices 
under impact loading. In planning these studies, it was 
recognized that considerable data are available dealing 
with the resistance of various types of welded joints 
under static and cyclic loading whereby stresses are 
varied at relatively low rates. The favorable effect of 
plastic yield, made possible by the ductility of the ma- 
terials on the redistribution of high local stress concen- 
trations due to shape, imperfections or residual strains, 
has been indicated by these data. In view of the limited 
amount of quantitative information on the resistance of 
welded joints to more rapidly applied stress increments, 
such as result from impact loading, some uncertainty 
exists concerning the influence of stress concentrations, 
modification of the properties by welding heat and re- 
sidual stresses resulting from the welding or other opera- 
tions, on the dynamic strength of welded beam connec- 
tions. The immediate problem deals with butt-welded 
splices of structural steel beams. 
While static loading of a beam results in elastic curva- 
ture, deflection and strain distribution sufficiently de- 
terminate to evaluate the stress condition to which the 


* Professor of Civil Engineering and Director of Civil Engineering Research 
Laboratories, Columbia University. 
t Assistant Professor of Civil Engineering, Columbia University. 
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material at any section is subjected, the present study o/ 
impact loadings on beams introduces not only the ques- 
tion of resistance to higher rates of strain but also the 
fundamental problem of the behavior of a beam as 2 
structural member under dynamic loads. Mathematica 
analyses dealing with transverse vibrations induced by 
impact have been presented by Timoshenko and others 
and, although predicated upon certain ideal conditions, 
give close approximations of the resulting deflections 
and contact pressures with practical conditions of sup- 
port and load application. Some experimental work has 
been reported, the more important of which is concerned 
with some phase of the fundamental problem but does 
not involve factors introduced by welding and has bees 
limited to tests of small bars, railroad rails or small 
I-beams. In the present investigation, it was considered 
desirable to undertake preliminary experimental an¢ 
mathematical studies of the effect of impact loads on a 
plain, unwelded beam, the results of which would serve 
as a basis of comparison and control, and in addition 
would indicate the stress conditions to which the welde 
joints were subjected. 

The dynamic behavior of beams is dependent upo 
many factors which were recognized in planning th 
tests. The structural behavior depends primarily upon 

1. Size of beam and its relation to the span length. 

2. Type of loading procedure, end conditions am 

contact surfaces. 

From a fundamental viewpoint the important lactos 
affecting the behavior of the material are: 

1. Inherent properties of the steel material in the 

as-received and the as-welded conditions, © 
cluding prior strain history, etc. 


2. Temperature during testing. 

3. Rate of strain (influenced by rate of loading 2" 
physical characteristics of the specimen) 

4. State of stress and degree of constraint 


fac 


In practical applications, the above fundamental - 
tors are influenced by the type and quality o! w elds, . 
details of fabrication and welding procedure as they *" 
reflected in the presence of irregularities tending ‘° P* 
duce stress concentrations and constraint. _ Ji 

For the purpose of determining possible difference a 
the resistance of the butt welds to the higher i” 
strain associated with impact loading, the er a 
cluded two types of weld, namely, the double V an°™ 
single V with backing strip. 
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The size of beam section introduces the possible effect 
of welding sequences on the magnitude of residual 
stresses. While the size selected for these tests did not 
permit wide variation in welding procedures, they were 
considered suitable for the present purposes within the 
limitations of required facilities. The size of beam also 
determines to a large extent the rate of strain which can 
be developed since the time-strain relation is a function 
of the mass and natural frequency of the beam for a given 
span and momentum (mass X velocity) of the tup. 

The impact loading was of the increment-drop type 
at room temperature for most of the tests. Supple- 
mentary tests were made with repeated blows at tem- 
peratures of 75° F., from initial heights of fall producing 
permanent deformations, and similar repeated blow 
tests were made at temperatures of —40 and —62° F. 
The increment-drop procedure introduces the effects of 
strain hardening and stress relief but permits of more 
extended measurements of the progress of deflection, 
strain and permanent set than single blow tests. 

The end conditions of the beams under test were modi- 
fied an indeterminate amount from those of a theoretical, 
simply-supported beam, since the forces involved re- 
quired special fixtures to prevent rebound and displace- 
ment at the supports. While provision was made for 
rotation, some friction existed at the end bearings, which 
produced a partial restraining action, the effect of which 
was indicated in the measurements of the natural fre- 
quency. The nature of the contact surfaces between 
beam and striker mass are important because of the local 
deformations. 

An additional factor which required investigation was 
the existence of holes in the web adjacent to the flanges 
which were provided to facilitate flange welding or place- 
ment of the backing strip. These holes, made by coping 
the webs before welding, were expected to produce some 
localized stress concentrations which, if detrimental to 
the resistance of the beam, required as an alternative the 
deposition of a large amount of weld metal to close the 
openings, with a possible increase of residual stresses. 

It is the purpose of this report to describe the appa- 
ratus and equipment constructed for the conduct of this 
investigation, the special techniques required for the 
measurement of strains and deflections, and to present 
the results obtained from static and impact tests on plain 
and welded’ beams together with supplementary experi- 
mental investigations of the effect of low temperature, 
and elastic behavior under impact. The experimental 
results are supplemented by a mathematical treatment 
in which some of the fundamental aspects of the impact 
phenomena and approximate solutions for deflection and 
strain are presented. 

This report is arranged in two parts: Part I presents 
the procedure and results of the Experimental Analysis, 
and Part II isa Mathematical Analysis, wherein reference 
and comparison is made with the experimental results of 

this investigation. 
Part I includes: 


I. Description of Test Specimens and Welding In- 
spection. 
Testing Equipment. _ 
Deflection and Strain Measurements. 
Behavior of Plain Beams Under Impact. 
(2) Impulse and Natural Frequency. 
_ _ (6) Strain and Deflection. 
Comparative Static and Dynamic Tests—Plain 
and Welded Beams. 
\¢@) Dynamic Tests—Increment Drop 
Repeated Blow 
(b) Static Tests—Effect of Holes in Web on 
Strain and Deflection. 
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6. Static Tension Tests on Materials. 

7. Dynamic Tests at Low Temperature. 

8. Supplementary Test Data. 

9. Summary. 

10. Auxiliary Tests by the Naval Research Labo- 
ratory. 


Test Specimens 


The beams used for these tests were 16 in. WF 71 Ib. 
sections (actually 70 Ib., I = 920 in.*), 14 ft. long, for test 
on a span of 12 ft. All beams were reported as having 
been rolled from two heats of steel whose physical prop- 
erties as determined by tension tests were closely similar. 
Six unwelded beams, intended for comparison and con- 
trol, were reported as being from one heat. Twenty- 
four 7-ft. lengths of similar beams including material 
from both heats, were spliced with butt-welded joints 
to form twelve beams. While the web welds were similar 
in all beams, two types of flange butt welds were in- 
cluded, namely, double V, requiring flat down-hand and 
overhead position welding, and single V with backing 
strip permitting flat position welding for both flanges. 
A specified sequence for making both web and flange 
welds by two operators working simultaneously was 
followed with the intention of minimizing possible con- 
tributory causes of internal stresses. 

The details of welding procedure were prescribed by the 
Advisory Committee. The operations were in substan- 
tial accordance with the prescribed procedure except for 
approved modifications which were found advisable by 
experience in welding the first beam. The details of 
making the butt. welds are indicated on the inspection 
record in which departures from intended procedure are 
noted. 


Inspection Record and Details of Procedure for Making 
Butt Weld Splices 


The preparation and welding of all specimens were per- 
formed by a local welding contractor. 

Equipment.—Two portable, gas engine driven welding 
generators were used, 40 v. N. E. M. A. rating, 1500 
rpm., one machine of 300-amp. and one of 400-amp. 
capacity, furnishing d. c. reverse polarity current. Con- 
trol conditions did not permit accurate measurements 
of the welding current and voltage. 

Selection of Specimens.—The seven-foot lengths of 16 
WF 71 lb. beams were not identified with respect to the 
original beams from which they were cut. Due to varia- 
tions in dimensions within the rolling tolerances, selec- 
tion of pairs to be welded required end matching for 
alignment of flanges and web. A few beams, the last of 
the selection, were misaligned slightly due to difficulty 
in matching ends. 

Preparation.—The dimensional details of the specified 
grooves in the flanges and web are shown in Figs. 1 and 
2. The root openings shown are those required after 
tack welding. In the beveling of the edges by gas cut- 
ting, the groove angles were inaccurately made approxi- 
mately 90° instead of the specified 60° angles. Beam 
No. 1 was welded in this condition but an attempt was 
made to rectify this excessive groove angle on all other 
beams by hand grinding, which was not too successful. 
The bevels finally welded were somewhat irregular with 
a tendency to round out to a wider angle at the surface 
of the material, but reasonably within the tolerance 
specified. This wider angle in some cases necessitated a 
wide final pass of welding. Variations in root openings 
shown in Table 1, where they occur, were due to ir- 
regularities of bevels. The semi-circular copes required 
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resulting in some difficulty in fitting the backing Strip 
snugly against the under side of the upper flange. Afte; 
2 } welding Beam No. 1, the copes were enlarged by flame. 
ot cutting to a height of 1'/, in. without, however, improy. 
- ro, ing the regularity of the cut edges. 
Saves Tacking.—The flanges were tacked at four points each 
aie shane 1 in. long with '/,-in. throat, as shown in Fig. 2. The ey. 
ircular cope 

in web tension bars provided to prolong the groove shape an4 
T - flange welds for a distance of 11/2 in., were aligned flush 
YPE A~ PREPARED TO CONFORM TO ANS. ORIOGE SPECIFICATIONS with the top and bottom surfaces of the flanges and tack. 
welded to the edges with '/s-in. spacers. After welding 

these extension bars were removed by hacksaw. 
Size of Electrodes.—All electrodes used were A.W.S— 


backin tack welds Root f 
Strip of ASTM. / ote he 
A-7 steel Tyre B same, 


\ 
welds fused a 
TYPE B— NARROW GROOVE WITH BACKING STRIP to backing we ug a aa 


st 
WELDING GROOVES IN FLANGES 


FIG. | tack welds 


in the web adjacent to the flanges, to facilitate stagger- =. WELDING GROOVE IN WEB 
ing of points of interruption in the flange welding (Fig. TACKING 

4) or the placement of the backing strips (Fig. 1) were 
hand flame-cut, producing irregular contours and edges 


Table 1—Details of Preparation and Welding Procedure 


Type A Beams—Double V Flange Welds. 
Root Opening, Initial 
Max., Min., Groove Temps., ° F. Size of Electrode and Remarks———- 
In. In. Angle Steel Air Web Weld Flange Weld 
I/, is 80-90° 66 64 5/s2 in. for all Passes 
Special sequence 
Copes closed 
65°* 56 60 in. for both Passes in. for Pass No. 1 
Extra partial Pass with 1/,in. for Passes No.2-7 __ 
1/, in. to fill bead Pass No. 6 omitted on ‘‘A” side 
1/49 65°* 62 5/s in. for both Passes 1/, in. for all Passes 


62°* */: in. for both Passes /s. in. for Passes No. 1A, 1B 
4A,5A. 1/sin. for Passes No 
2A, 3A, 6A, 7A and 2B-7B 
62° 5/2 in. for both Passes 5/s. in. for Passes No. 1 and 4 
1/, in. for Passes No. 2, 3, 4, 5, 
65° web 48 */s in. for both Passes 5/s in. for Pass No. 5. */s= 
70° on on Passes No. 1-4 and 6-/ 
flange 


Type B Beams—Single V Flange Welds. 
Root Opening Groove Initial 
Web Flange Angle Temps., ° F Size of Electrode and Remarks————~ 
Max. Min. Max. Min. Web Flange Steel Air Web Weld Flange Weld 
3/39 1/16 T/he 62° 93° 46 48 5/s in. for both in. for Passes No. 1, 2,3, 
Passes 1/, in. for Passes No. 4, 0, % ¢ 
Additional 3 in. Pass in center 
of upper flange groove afte 
No. 3 
for both in. for all Passes 
Passes 
5/s in. for both °/s in. for all Passes. Extra 
Passes 3 in. Pass before No. ! in cen 
ter of upper flange groove : 
in. for both in. for all Passes. Ext 
g ed 3 in. center Pass after No. l 
Full extra Pass after No 6 | 
in. for both in. for all Passes 
Passes 3 in. center Pass after 
Full extra Pass after No. eal 
in. for all 5/39 in. for all Passes. 
. ‘Pesos. Extra 3-in. Pass after Pass No. 
partial Passes 
with in. 


* At root; larger at surface, 
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SEQUENCE OF PASSES FOR WEB WELDS 
FIG.3 


AS.T.M., Class E 6010. The sizes used are shown in 
Table 1. 

Sequence of Welding.-The beams were welded with 
web in a vertical position without turning the beam over 
during the operations thereby simulating field welding 


>) conditions. The web weld was completed first, using two 


operators, one on either side, working at the same rate to 
complete work at about the same time. Both flanges 
were then welded at the same time, using two operators, 
one on either side, each operator alternating from the 


S top flange to the bottom flange between layers deposited 


with one operator welding on the top flange while the 
other welded the bottom flange. For Beam No. 1, the 
web weld consisted of four passes of two layers on each 
side, as originally specified. Each layer was broken into 
four 3-in. staggered increments on each side. Due to the 
small weld deposit which this procedure required for the 
'/»-in. thick webs, the sequence was modified on all other 
beams to require one layer on each side in two staggered 
j-in. increments as shown in Fig. 3. Deposits were hand 
chipped and brushed before proceeding (although inef- 
lectively, as shown by subsequent examination), and in 
some cases a partial pass was necessary to complete the 
web bead. After completing both web and flange welds 
in Beam No. 1, the copes were filled by depositing weld 
metal. In all other beams, the copes were left open. 
This prescribed procedure was considered justified by 
the difficulty of producing a sound weld deposit in filling 
such holes, and because of the high localized heat that 
would be introduced under conditions of severe restraint. 
While the end of the web weld was finished to a smooth 
lorm at the top cope, the lower end which terminated at 
the top of the bottom cope was usually left with a pro- 
jecting bulb of weld metal which added to the irregulari- 
lies of the cope contour. (See later photographs.) 

In welding the flange, some difficulty resulted in plac- 
ing the backing strip for the Type B welds under the 
top flange because of rough flame-cutting, requiring that 
the strip be bent to fit, and in some cases this necessi- 
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tated an extra short pass to bring the weld layer level. 

The sequence of passes used for the flange welds of 
Type A is shown in Fig. 4. The thickness of layers was 
approximately '/; in. and roots were hand chipped and 
cleaned before overhead welding was started. Operator 
B deposited Pass B1 on the bottom flange while Operator 
A placed Pass Al on the top flange. Then Operator B 
placed Pass B1 on the top flange while Operator A de- 
posited Pass Al on the bottom flange. Alternating 
in this manner, the points of junction between parts of 
passes deposited by different operators were staggered 
as shown in Fig. 4. The direction of welding was toward 
the flange edges terminating in the extension bars shown. 
Tacks were not necessary at the groove of the extension 
bars. The sequence of welding beams of Type B was in 
general the same as for Type A except, of course, that the 
downhand welding was not interrupted to make over- 
head passes in this case. 


Plate I—View of Testing Tower and Beam 


Finish.—Reinforcement of welds was held to '/, in. 
except in a few cases where the width of groove was ex- 
cessive, the complete filling of the groove resulted in a 
somewhat greater bead reinforcement at the center which 
was ground off after operations were completed. Ex- 
tension bars were removed by hacksaw leaving the ends 
of the welds flush with the edges of the flanges. Backing 
strips were not removed. Coped holes in the web were 
left open except for Beam No. 1 as noted. 

Table 1 gives details of preparation and welding pro- 
cedure for each beam specimen. Actual welding time 
after the specimen was jigged and tacked averaged about 
1'/> hr. continuous operation except for hand chipping 
and brushing between passes. 


Testing Equipment 
The testing of these beams under impact loading re- 
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quired the construction of a suitable tower to provide 
guides and lifting facilities for a striker weight or tup and 
supports on a massive foundation. Plate I is a photo- 
graph of the lower portion of this tower, with a beam 
specimen in place. The tower, having an over-all height 
of 20 ft., consisted of three vertical columns suitably 
braced to form a structure of triangular section. The 
structure was designed with members considerably 
heavier than necessary for the static loads involved in 
order to reduce excessive vibrations. This tower sup- 
ported a beam at the top for attachment of an electric 
hoist and connection of two vertical guide columns con- 
sisting of 6-in. I sections to which were attached elevator 
guide rails. These guide columns were also connected 
at the bottom to the foundation and braced to the tower 
frame at intermediate points, thus maintaining align- 
ment. 

This structure was erected on and anchored to a con- 
crete foundation about 4 ft. deep and heavily reinforced. 
The foundation was of sufficient width (11 ft.) to support 
the tower and 16.5 ft. long, so as to provide support for 
the reaction pedestals supporting the ends of the test 
beam. These pedestals, shown in the photograph, were 
constructed with sections of 356-lb. H columns, 21.5 in. 
long, to both ends of which 1'/:-in. steel plates were 
welded along all edges after the column ends were milled 
square. Bolt holes were provided in the lower bed plate 
which permitted the bolting of the pedestals to a slot 
in the concrete foundation. Since the ultimate distor- 


tion of the test beams and the probable lateral thrust 
on these supports could not be readily estimated, addi- 
tional precautions against possible overturning and slid- 
ing of the supports was provided by means of diagonal 
braces attached to the underside of the upper bed plate 
and a bearing plate anchored to the floor slot on the out- 
side of each support. 


The bearing block on which the end of the test beam 
rested was 4!/2 x 4'/. x 15 in. long, composed of heat- 
treated alloy steel, welded to a one-inch thick plate which 
was bolted to the upper bearing plate of the pedestal. 
The upper surface of this bearing block was machined 
to a radius of 3in. The lower flange of the beam rested 
on a 2 x § x 10-in. bearing plate placed on this rounded 
block. 

In order to prevent rebound from the supports after 
the impact, the ends of the beam were held in contact 
with the bearing block by a yoke consisting of two 1- 
in. diameter alloy steel tie rods attached at the top to a 
cross beam bearing on the upper beam flange and at the 
bottom to alloy steel pins screwed into the ends of the 
bearing block. The yokes, while holding the beam ends 
down, were intended to produce a minimum of restraint 
against rotation which was permitted by the pin attach- 
ment at the lower ends of the tie rods. 

In designing the supports, it was desirable to approach 
as nearly as possible an unrestrained “‘simple’’ beam con- 
dition such as is reasonably well attained under static 
loading by rollers or rockers, in order to avoid compli- 
cations in the interpretation of deflection and strain 
data. A similar roller support under impact loading was 
impractical. The rounded block support probably re- 
sults in some indeterminate horizontal frictional restraint, 
although during actual tests the intermediate bearing 
plates and the beam itself shifted slightly on the supports, 
in spite of the hold-down precautions. The pin-con- 
nected hold-down rods are believed to have allowed 
reasonable freedom of rotation. It may be noted that 
subsequent testing indicated that massive supports pre- 
venting any end chatter or rebound is necessary if ir- 
regular damping of vibrations and erroneous deflection 
measurements are to be avoided. 

The tup consisted of a block of steel 10 x 16 x 20 in., 


376-s 


WELDING RESEARCH SUPPLEMENT 


with a slot machined on the lower 10 x 16-in. surface 
into which was inserted a 4'/> x x 155/¢-in. striker 
block of alloy steel. This block was attached by two 
7/s-in. bolts with countersunk heads. The lower surface 
of this block was machined to a radius of 3 in. similar 
to the end support bearing blocks. On both sides, a pair 
of angles were attached to the tup by bolts so as to ep. 
gage the guide rails. By using filler plates and adjusting 
the attached angles, a clearance of '/1¢ in. in both diree- 
tions was provided. The guide rails and the adjacent 
surfaces of the guide angles were machined smooth. No 
grease was used but the rails were kept clean by wiping 
with an oiledrag. By centering the tup before each drop, 
practically free fall resulted. The total weight of the tup 
assembly was 1014 Ib. 

The lifting of the tup to various heights was accom- 
plished by an electric hoist attached to an electromagnet 
of 2000-Ib. capacity. The upper surface of the tup was 
milled flat to ensure an efficient magnetic circuit. Re- 
lease of the tup was effected by a manually operated con- 
troller switch. While some form of releasing hook might 
have been used, the release mechanism of such devices 
usually requires a slight uplift of the weight with con- 
sequent jarring before release. By use of the magnet,a 
release without disturbance affecting the free fall was ac- 
complished. In order to facilitate the centering of the 
magnet when lowered onto the tup, the magnet was 
balanced with fixed counterweights to maintain the con- 
tact surface in a horizontal position and guide angles 
were welded on both sides so as to engage the guide rails, 
thus avoiding eccentric suspension of the tup and delays 
in centering adjustments. 

The net height of fall available with the type of sup- 
port and suspension rigging used was approximately 1() 
ft. The height of fall was measured with a steel scale 
for drops up to 3 ft. permitting adjustment to 0.02 in. 
For higher drops, the height was measured with a rule 
to about in. 

The beams were tested both statically and dynamically 
by loading at midspan. Since the maximum stresses are 
produced on the section directly under the load where 
the butt weld was located, it would have been unavoid- 
able that the joint in the welded beams be at the point 
of impact if applied directly. In order to minimize the 
effect of local indentation and crushing of the beam web 
directly under the point of contact by the striker block, 
some form of distributing or bearing plate was necessary 
on the top of the beam. A single bearing plate, notched 
to avoid direct contact with the reinforcement in the 
case of the welded beams, might have served the purpose 
of distributing the impact pressures over the flanges and 
unstiffened web and, in fact, was used for the tests at low 
temperature as described later. Since a thick plate 's 
required to resist the high-impact pressures, the curvature 
of the beam with flexure would tend to concentrate the 
contact pressures at the edges of the plate, thus indenting 
the flange and producing high local stresses which tire 
plate was intended to minimize. 

In order to study the behavior of the joint under flex- 
ural action without complication by local contact ow 
sures which would have resulted if the impact load hat 
been applied directly to the weld, a contact bk ck = 
designed which produced a two-point loading of the —_ 
with loads applied close to the joint. This contact b - 
consisted of a block of steel 8*/, x 12 x 3 1m. thick, ~ 
cylindrical segments attached to the lower surtace ¥ 
7'/s-in. centers. These segments were maehined 
4-in. diameter round bar of alloy steel. The 
rested on two 1!/; in. thick bearing plates, 6 inches mee, 
extending over the width of the beam flange and Pie” 
2!/. in. apart. The assembly thus formed a ee 
straddling the welded joint with two resultant , 
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7!) in. apart, each of which was distributed by the 
flange bearing plates. This loading produces, over this 
length, essentially uniform flexural stresses, which are 
about 5% smaller than for a single center load, with no 
vertical shear on the beam center line location of the weld. 

Under static loading, this “‘bridge’’ bearing assembly 
required no precautions against displacement under load 
but under impact the inertia forces of the assembly, 
which weighed 212 lb., would cause the bearing to re- 
bound on the upward vibration cycle of the beam, with 
resulting chatter producing indeterminate damping of 
the beam vibrations. In order to maintain contact of 
the bearing assembly with the upper flange surface, four 
tie rods of 1-in. diameter alloy steel were connected to 
pins passing through the contact block directly over the 
cylindrical bearings, and to yoke bars across the under 
side of the beam. These tie rod yokes were tightened 
by nuts on the threaded ends of the rods to produce some 
initial pressure intended to counteract elastic rebound. 
As in the case of the end supports, the pins serving as 
connections for the tie rods were located at the centers 
of curvature of the rounded bearing surfaces and were 
intended to afford a minimum of restraint to flexural ro- 
tation at the section. During the impact tests, some 
slight shifting of the bearing blocks resulted which neces- 
sitated realignment, but the tie rods remained tight until 
local indentation and web buckle required take-up of the 
adjusting nuts. This method of transmitting the load 
was modified in the supplementary tests made at low 
temperature in order to reduce the mass of the assembly 
by attaching a heavy bearing plate, slotted to avoid con- 
tact with the weld, with connection angles welded to the 
block and flange, and depending upon the flexibility of 
the angle legs to avoid participation of the block with 
the beam section. For static loading tests, the same 
supporting pedestals and ‘“‘bridge’’ bearing assembly 
were used so as to simulate the same loading conditions 
as produced under impact loading. Static loads were 
applied by a Baldwin Southwark 600,000 Ib. hydraulic 
testing machine. 


Deflection and Strain Measurement 


In the conduct of the static tests, center deflections 
were measured by two procedures, (a) by a recording dial 
attached to a bar supported on pins screwed into the web 
at the neutral axis over each support, with the dial 
spindle in contact with the lower flange at midspan; and 
(b) by direct measurement with a dial recorder from the 
bed of the machine to the lower flange. In the first 
method, the supplementary bar holding the dial indica- 
tor was free to rotate about the supporting pin at one 
end and free to slide at the other, thus recording the 
center deflections with reference to the beam ends with- 
out influence of settlement of supports. Although meas- 
urement from the bed ordinarily is not desirable because 
of errors due to support settlement, this method was the 
more practical in the case of the impact tests and some 
measure of the possible inaccuracies was necessary. The 
static tests indicated that the floor measurement was 
higher than the true deflection referred to the beam ends 
°Y amounts proportional to the load. The increased 
er geo was elastic, i.e., reduced to zero on removal of 
a and examination of the beam showed that the 
ower flange surface at the supports was concave, result- 
Pe in a spring-like action which was not removed by 
ene of the flange under load, at least within the 
oa oading range of the beam. These findings neces- 
tented preparation of the bearing surfaces of beams 

ne under impact loading to ensure flat bearings. 

“train measurements were made under static loads 
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during preliminary studies to investigate the behavior of 
the electric gages after repeated application of large 
plastic strains and to determine the lower flange strain 
distribution when the loading bridge, designed for the 
impact tests, was used. These measurements indicated 
essentially uniform stress in the lower flange over the 
7'/s-in. length between load points and confirmed the 
zero shear condition on the center line which was ex- 
pected by the symmetry of loading, although some stress 
concentration existed in the web and upper flange di- 
rectly under the load application. 

For the measurement of deflection under impact, at- 
tempt was made to design a suitable scratch recorder 
which would indicate the magnitude of the deflection on 
a time axis. This development was unsuccessful due to 
the vibrations induced in the stylus attachment and dif- 
ficulties of adjusting stylus pressures which resulted in 
indeterminate,errors. The apparatus adopted consisted 
essentially of an optical system in which a beam of light 
passing under the test beam is directed to the light sen- 
sitive surface of a photo-tube and is intercepted by a cut- 
off plate attached to the beam. The photo-tube was 
connected to a two-stage d.-c. amplifier, the output of 
which actuated the elements of an oscillograph with 
which a photographic record was made (see Fig. 5). The 
cut-off plate was 2 x 2 in. connected to a threaded stem 
which was screwed into a */s in. nut previously tack- 
welded to the lower surface of the bottom flange of the 
beam (about 1'/,in. from midspan in the case of the 
welded beams). Light from a projection lamp passing 
through a lens system produced an image of a rectangular 
aperture on the cut-off plate. With the plate wholly or 
partially removed, the light passed through a second lens 
system to focus a similar but somewhat reduced image 
on the surface of the photo-tube. The image on the cut- 
off plate was */, in. wide by 1*/, in. high, and the plate 
was set at the start of test so as to intercept the upper 
’/,in. of the light beam. Under vibration of the beam, 
the cut-off plate intercepts more or less of the original 
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light beam, thus varying the light transmitted to the 
photo-tube which acts as a valve controlling the current 
output of the amplifier. After large permanent deflec- 
tions were produced, the cut-off plate could be raised so 
as to maintain sufficient range for subsequent deflections. 
A string-type oscillograph was used and, the over-all 
amplification of the film record was about 3!/2 times the 
actual deflection. By adjusting voltages on the light 
source and amplifier, a linear response, i.e., constant re- 
lationship between actual deflection and film spot dis- 
placement, was obtained and the amplification could be 
modified. Calibration for linearity was made by mov- 
ing the cut-off plate known amounts and measuring the 
displacement of the light spot on the oscillograph. 

The film used with this type of oscillograph is rotated 
on a drum at controllable speeds and the record indicates 
the cyclic variation of deflection throughout the time of 
vibration of the beam. The time scale is recorded simul- 
taneously on the film by photographing a 60 cycle a.-c. 
wave with another element of the oscillograph. The 
combined record therefore permits the measurement of 
the time-deflection relationship during and after im- 
pact. By increasing the speed of rotation of the film 
drum, it was possible to magnify the time scale, thus en- 
larging the first few cycles after initial contact of the tup, 
permitting greater accuracy in the measurement of the 
maximum center deflection which occurred during the 
first half cycle of the forced vibration. 

The scale for measurement of deflection from the re- 
corded film was provided by photographing a calibration 
line immediately before that of the vibration transient 
resulting from the impact. This line represented a known 
displacement of the cut-off plate and was recorded on 
each film so as to avoid possible changes in magnification 
due to electrical variations. Some of the film records 
made are reproduced in this report. While permanent 
set could have been recorded on the film after the im- 
pact blow, it was found desirable to measure these per- 
manent deflections independently by means of a dial 
recorder on a bar supported by pins in the web over the 
support, exactly as previously described for deflection 
measurement under static loading. This bar was removed 
during impact and replacement on the pins gave repro- 
ducible readings within 0.0005 in. The beam deflections, 
allowing for scaling from the film record and possible 
small movement of the supports, are probably correct 
to 0.005 in. During these tests, when the tup was 
dropped repeatedly from the same height, elastic deflec- 
tion measurements were reproducible within the above 
limits, but somewhat greater variation may have resulted 
at the greater drops, depending upon the uniformity of 
contact at impact after some distortion of the beam had 
developed. 

Strains were measured on the lower surface of the lower 
flange directly opposite the beam web. These strains 
were indicated by an SR-4 Type C gage attached to the 
surface. In the case of the first welded beam tested, 
the '/;-in. reinforcement was ground off flush with the 
flange surface over a width of about 2 in., so that the 
gage was placed directly across the weld opposite the 
beam web at midspan. Because of the possible notch ef- 
fect by removing the weld bead, and also because the 
single-V welds had a projecting backing strip which was 
not removed, strains were measured in all subsequent 
tests at a point 1'/, in. from the center line of the weld 
where the gage could be attached directly. This gage 
was connected by microphone cable to a four-stage d.-c. 
amplifier, the output of which actuated a third element of 
the oscillograph. This amplifier included a wheatstone 
bridge circuit, composed of similar SR-4 gages, which was 
provided with suitable means of balancing after perma- 
nent strains were developed. Multiple ranges of sensi- 
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tivity were provided, thus making it possible to obt,iy 
large magnification for small strains and control the oy. 
put within the linear range of the amplifier.* With t 
highest sensitivity, one inch displacement of the ligh 
spot of the oscillograph represented a strain of aboy 
0.0008 in. per inch, although this magnification varig 
somewhat with the voltages used in various parts of th 
circuit and adjustment of the oscillograph. The over.aj 
amplification and linearity of response was verified }y 
recording oscillograph light spot displacement resulting 
from the static loading of a small cantilever bar to which 
a similar gage was attached. This bar was previously 
subjected to axial tension in a testing machine, and the 
gage constants accurately determined. 

The strains developed in the tension flange of the beam 
were recorded simultaneously with the time and center 
deflection by means of the three elements of the oscillo. 
graph. To provide a strain scale on the film, a calibra. 
tion line representing the displacement due to a known 
change of resistance in the bridge circuit of the amplifier 
was recorded immediately before impact along with a 
similar deflection calibration line. In order that the 
strain calibration displacement be of the same order of 
magnitude as the recorded maximum strains, a selector 
switch permitted the use of six known resistors in the 
circuit for this purpose. 

Permanent strains resulting after successive impact 
blows were measured by two procedures. Gage holes 
provided on the edges of both flanges on both sides per- 
mitted the use of a Whittemore strain gage with a 5 
in. gage length including the weld. Readings before and 
after each blow indicated the permanent strain devel 
oped. Although the SR-4 strain gage is attached over: 
length of 11/2 in., the longer gage length included suci 
strains as may have developed outside the gage. [1 
some of the tests, 2-in. Whittemore gage readings were 
taken on the web directly over the coped openings. The 
other method consisted in measuring the change of re- 
sistance of the SR-4-C gage and supplementary SR-44 
gages after each blow with the strain recorder provided 
for static measurements with this type of gage. Perma- 
nent “‘sets’”’ as determined from the film record were not 
considered reliable because of possible delayed mucro- 
phonic disturbances in the amplifier resulting from 
transmitted vibrations caused by the impact blow. — 

The sensitivity of the strain amplifier used required 
extensive shielding against electrical and mechanical 
disturbances. The effects of these disturbances welt 
reduced to negligible amounts and were delayed beyon¢ 
the important first forced vibration cycle. 


Behavior of Plain Beams 


Preliminary to the accumulation of test data on the 
comparative behavior of the plain and welded beams, 
impact loads were applied to a plain beam for the pur 
pose of perfecting the recording techniques and s 
tablishing certain fundamental phenomena. It will 
of interest to present some of these results. 


Impulse and Natural Frequency 


The loading condition which is here referred to as 
pact consists of the application to the beam of am 
moving with a given velocity, in this case, resulting ae 
the acceleration of gravity. The effect upon the yee 
is an application of a variable force over relatively s he 
intervals of time and, while under static loading 7 
amount of force is the only factor because the time" 
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Plate II—Oscillogram for 12-In. Drop, Showing Center De- 


flection and Contact Duration 


application is not critical; under dynamic loading, how- 
ever, the force-time relation is the essential factor. 
Mathematical analyses, which will be referred to in Part 
II, indicate that this relation is not a simple function for 
a weight striking a beam. During what appears to the 


» eye as a single blow, there exists a series of contacts be- 


tween the falling weight and the beam. Shortly after 


) initial contact, very high pressure is developed, the beam 


5} of the tup is retarded. 


under the load is accelerated downward while the motion 
Due to the relative velocities, 


» contact ceases after a certain time interval, to be followed 


by a series of sub-impacts, all of which occur during the 
first half-vibration cycle of the beams here considered. 
The tup then rebounds, permitting the beam to vibrate 
transversely according to its natural frequency under 
the supporting conditions until the tup again falls on the 


first major impact and subsequent sub-impacts were 
not measured experimentally, but the duration of con- 
tact of the tup with the “‘bridge’’ block on the beam was 
recorded. Using a battery circuit from the oscillograph 
element to the tup and ‘‘bridge’’ block, a ‘“‘make-and- 
break”’ film record was obtained which indicated the du- 
ration of contact referred to a time scale and the beam 
deflection cycle. Plate II is a reproduction of an oscillo- 
gram for a 12 in. drop of the 1014-Ib. tup. The loops at 
the top of the oscillogram give the time scale, i.e., dis- 
tance between loops is equal to '/™@ sec. The rectangular 
offset diagram is the ‘‘make-and-break’’ record on which 
the upper straight segments represent no contact while 
the lower straight segments continue during the time of 
contact. The lower curve is the record of displacement 
of the midspan of the beam during the first vibration 
cycle. The contact time records indicated the possibility 
of from 3 to 5 contacts but the apparent additional sepa- 
rations were of extremely short duration suggesting 
some nonuniformity of contact bearing rather than a 
separate blow in which case the pressures involved at 
such times are likely to be small. For the record shown, 
the duration of the three contacts were 0.0014, 0.0047 
and 0.0017 sec., respectively, with intervals of separation 
of 0.0022 and 0.0012 sec. The multiple impacts estab- 
lished by this record develop during what appears to be 
a single blow and are not to be confused with visible 
rebound. The contact time record gives no measure of 
the magnitude of the pressures produced, the offset of 
the diagram being merely a measure of the current in the 
circuit. 

The displacement or deflection record shown in Plate 
II suggests that, as a result of the first contact, local elas- 
tic distortions maintain this contact for a short period 
of time while the beam is accelerated downward and the 
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rate Ill—Oscillograms Showing Variation of Deflection and Lower Flange Strain. 
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Plate IV—Oscillograms Showing Deflection and Strain Varia- 
tions During the First Vibration Cycle for 48 and 99-In. Drops 


tion cycle as a result of the previously applied pressure, 
and has started an upward movement when it again con- 
tacts the still falling tup, receiving a second sub-impact, 
as may be observed by comparing the times of the ‘‘make- 
and-break”’ record with the times of reversal of curvature 
in the corresponding deflection record. Subsequent con- 
tacts depend on the relative movement of the beam and 
tup. The oscillograms indicate that contacts are made 
after the beam has passed through its neutral position in 
the upward motion and evidently continue until the up- 
ward velocity of the tup prevents further contact. Grav- 
ity returns the tup for a second rebound blow repeating 
the action with diminished effect as shown in Plate III. 

It is of interest to point out that the time of initial con- 
tact with the bridge on top of the beam precedes the start 
of|deflection by about 0.0008 sec., and a similar record of 
the strain on the lower flange indicates that the strain 
preceded the start of deflection by about 0.0003 sec. 
These time intervals may be affected by the action of the 
loading “‘bridge’’ used in these tests. Supplementary 
tests made without the “‘bridge’’ assembly but allowing 
the tup to strike a small plate attached to the upper 
flange, showed a slightly different shape of deflection- 
time and contact record, which will be referred to in con- 
nection with the supplementary studies of deflection and 
strain distribution along the beam. 

As previously stated, when the tup rebounds, the beam 
vibrates transversely. The natural frequency of this 
vibration is dependent upon the span, modulus of elas- 
ticity E, moment of inertia I of the section, and the mass 
of the beam. Assuming an ideal simply-supported beam, 
and accounting for the additional weight of the “‘bridge”’ 
assembly, the computed frequency of the fundamental 
mode of vibration is 83.6 cycles per second. Plate III 
shows both the deflection and strain variation for a 12- 
in. drop (upper record is deflection, lower is strain). 
The record is here condensed so as to indicate the free 
vibrations and subsequent rebound blows. The fre- 


quency measured from these records was 72 cycles per 
second. This lower value as compared with the theoreti. 
-al value is probably due in large part to the conditions 
at the supports. From this oscillogram, the second blow 
occurred 0.320 sec. after the first major impact. For 
higher drops, a similar sequence of rebound blows re. 
sulted, but, when the strains developed were beyond the 
yield point, resulting in plastic deformation, the record 
shows rapid damping and less regular wave form. The 


lower oscillogram for a 109-in. drop shows this damping 
of deflection. 


Strain and Deflection 


With the increment drop procedure, film records of 
the midspan lower flange strain and center deflection re- 
ferred to time were taken at 3-in. increments from 6- 
to 120-in. heights of fall. All of the records are not pre- 
sented, but Plate IV shows oscillograms of the forced 
vibration for 48 and 99 in. drops on a plain beam. Di- 
rect comparison of the strains and deflections are not 
possible from inspection without the calibration factors 
applicable, but the general form of the deflection and 
strain variation with time are typical. Subsequent 
tests on both welded beams and plain beams showed 
similar behavior without distinction. It will be observed 
that the center deflection, which reflects the integrated 
effect of strains produced throughout the length of the 
beam, is continuous with undulations in the region of 
greatest amplitude, whereas the strain variation shows 
rapid changes throughout the forced vibration cycle. 
These rapid changes are due to the sub-impact pressure 
and the vibrations induced in the beam. The film record 
for the 99-in. drop, which produced large permanent dei- 
ormations, shows less abrupt fluctuation within the first 
cycle and decided damping after the first few cycles. 

In order to afford a comparison of the deflection and 
strain variation during the first half-cycle, Figs. 6 and 7 
show superimposed enlargements of successive film pat- 
terns for increasing blows on a plain beam. Intermediate 
increments were of the same form varying only in mag- 
nitude, but are omitted to avoid confusion. Both the 
deflection and strain curves represent total values result 
ing after the particular blow, i.e., include the permanent 
set induced by previous blows which is indicated by the 
value at zero time for each curve. It will be noted that 
the general form of these curves is quite similar for all 
heights of fall including those producing plastic deforma- 
tion. All the strain curves show a pronounced peak at 
about 0.0005 sec. after initial response at which time the 
deflection is still small and increasing uniformly, which 
suggests a local stress wave induced by the contact pres- 
sure. The deflection curves show the tendency to Tf 
verse at about 0.003 sec. before modification by the sec: 
ond sub-impact. The time of maximum deflection anc 
strain during this cycle appears to increase from about 
0.005 sec. while the beam behaves elastically to neary 
0.006 sec., where large permanent sets are produced. In 
the subsequent presentation of comparative data, the 
maximum amount of deflection or strain occurring dur- 
ing the forced vibration cycle produced by any blow is 
referred to as the “dynamic increment’’ as distinguishe¢ 
from the “total deflection or strain,” which includes te 
previously accumulated sets, and thus refers the — 
ment to the original no-load condition and means ' - 
case of deflection the total displacement of the midspan 
of the lower flange. 

From the strain records a measure of the rate 0! Sit’ 
can be obtained. The strain does not increase with _ 
at a uniform rate except possibly for a very shi - on is 
val immediately after contact and, of course, “cP Nae 
upon the striking velocity. The records of strain ' 
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flange at midspan for a striking velocity of 23 ft. per sec- 
ond show an average rate of strain based on maximum 
value of strain and time of occurrence of about 0.7 in. 
per inch per second for the increment-drop tests and 
about 0.9 in. per inch per second for the first blow of the 
repeated-blow tests at a velocity of 22 ft. per second. 
These average rates varied somewhat due to the effect 
of the distortion of the beam at these higher striking 
velocities but represent the order of magnitude. The 
imitial rate immediately after contact was of the order 
of 2.0 in. per inch per second for a short time interval 
during which the strain reached a value of about one 
quarter of its maximum value. This higher rate also 


was produced for short intervals between peaks of the 
strain cycle. 


Comparative Static and Dynamic Tests 
on Plain and Welded Beams 


Dynamic Tests 


The increment drop tests with 3-in. increments were 
duplicated for both plain and welded beams, which were 
‘ested in the “‘as-rolled”’ and ‘‘as-welded”’ conditions, 
respectively, Following the blow from the maximum 
ee height of 120 in., a varying number of repeated 
the deen maximum height were applied to accentuate 
wai tion of the beam, particularly in the case of the 
all beams. The recorded deflections, strains and 

janent sets are summarized by the curves shown 
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in Figs. 8 to 11. The numerical designations 1 to 12 
indicate the order in which the beams were welded. 

Figure 8 shows the center deflection plotted vs. the 
velocity of the tup at the instant of contact. The “‘dy- 
namic increment” is the greatest deflection during the 
first vibration cycle referred to the position of the beam 
immediately before the blow, while the ‘‘total displace- 
ment’’ includes the previously accumulated set and refers 
the maximum deflection produced by the blow to the 
original horizontal position. The individual measure- 
ments for each increment, not shown, fell with reasonable 
regularity on the respective curves and, considering the 
many difficulties involved in synchronizing the operation, 
were quite consistent. The close agreement between 
curves of duplicate beams, i.e., plain, or beams with simi- 
lar type of weld, justified plotting their average as shown. 
It will be noted that the center deflection is directly 
proportional to the velocity over the elastic range of be- 
havior which means that deflection varies as ~/h. The 
dynamic increments were somewhat irregular after dis- 
tortion of the beam became appreciable. As will be 
shown later, this distortion included a buckling of the 
web directly under the load in addition to the vertical 
deflection set. This web buckling was accompanied by a 
lateral deflection and local twisting of the flange which 
resulted in a non-uniform contact of the cylindrical 
striker bearing with the “‘bridge’’ block. Some lateral 
vibrations were thus produced. The total displacement 
curves are not greatly influenced by such variations be- 
cause of the relatively large permanent deflections in- 
cluded. 

Figure 9 shows the increase of permanent deflection 
as height of drop was increased. These curves are not 
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extended to include the measurements at maximum drop 
but for blows approaching 120 in., the permanent de- 
flection increased at the rate of about '/s in. per blow. 
The permanent sets produced in the welded beams started 
at considerably lower velocities than the plain beams. All 
of the welded beams behaved essentially the same, in- 
cluding Beam No. 1 in which the cope openings had been 
closed. From these deflection curves, it appears that the 
general yielding of the beams, as evidenced by the rela- 
tions beyond the knee of the curves, is not greatly differ- 
ent for any of the beams tested. 

Figure 10 shows the dynamic and total strains de- 
veloped with increasing velocity of impact. It should 
be recognized that these strains were measured at one 
point in the base metal adjacent to the weld or at the 
center of the plain beams and therefore subject to varia- 
tions due to localized concentrations and redistribution, 
particularly after plastic yielding is produced. Except 
for Beam No. 7, the data shows a reasonably similar be- 
havior for all the welded beams. All of the welded 
beams show a considerably lower dynamic proportional 
limit than the plain beams. While in general the dy- 
namic increments were slightly larger for the welded 
beams, the permanent sets started considerably sooner 
and progressed at a faster rate. Figure 11 shows the in- 
crease of permanent strain set with increasing velocity 
of impact. The strain record of Beam No. 7 is definitely 
inconsistent with its duplicate No. 11 and the other 
welded beams. The lower start of permanent set and 
faster rate of increase of both the dynamic increment 
and set can only be explained by a different local strain 
condition, possibly higher initial strain which caused 
yielding at apparent lower velocities. The difference in 
measurement of local strains likely to result is indicated 
in Fig. 11 where sets recorded by two gages on opposite 


sides of the weld are shown. The difference is probably 
due to variations in plastic yielding in the highly stressed 
zone. The abrupt changes shown in the curves for 
Beam No. 7, particularly at a velocity of about 16 ft./ 
sec., are due to a strain-hardening effect. During the 
testing of this beam, operations were unintentionally 
interrupted after applying increments of drop up to 13 
ft./sec. Upon resuming the tests, after a delay of 3 
months, greater heights of drop were required to produce 
the same rate of increase of dynamic strain and set that 
existed before interruption. In fact, a similar phe- 
nomenon was observed with only a few days of delay in 
testing operations. This increased resistance to con- 
tinued yielding has been attributed to a strain-hardening 
influence. The unusual behavior at lower velocities can 
be attributed only to inherent conditions since the physi- 
cal properties of the material are essentially the same as 
in the other beams. 

The greater regularity of the deflection curves of Figs. 
8 and 9, as compared with the strain records of Figs. 
10 and 11, indicates that these strain variations, localized 
around the welded section, have less effect on the over- 
all behavior of the beam. It will be noted that Beam 
No. 1 with closed cope openings developed permanent 
sets in strain and deflection, at much the same velocities 
as the open cope beams. The general behavior of all 
welded beams is not appreciably different. 

In comparing the results on plain and welded beams, 
it appears from the initial slopes of the various curves 
that the elastic behavior, i.e., stiffness, is nearly the same. 
The most significant difference is in the lower dynamic 
proportional limit developed by the welded beams as 
compared with the plain beams. The fact that perma- 
nent deformations resulted from lower contact velocities 
of impact loading and lower static loads (see static tests), 
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has generally been attributed by other investigators to. the distortions. During these additional blows, a crack 
the ironing out of localized, internally balanced, residual developed in the web starting from the side of the upper 
stress, through mechanical stress relief. Differences in hole. The lateral web buckle became appreciable and 
the properties of the material could also be involved. increased rapidly at blows with a velocity of 21 to 22 it. 
However previous tests have shown that the yield per second (h ‘= 84 to 96 in.). Due to this buckle, the 
strength of the weld metal is higher than the structural beams developed a twist at the center with a lateral bow 
steel base metal and the tensile yield points of specimens in the top flange of as much as 1'/, in. The amount o! 
taken from the unstrained ends of the beams tested are final distortion produced depended upon the original 
not appreciably different, as shown in Table 2. The _ straightness of the beams and the number of blows ap- 
possible additional effect of holes in the web adjacent plied, but the views shown are typical of the condition 
to the flange was investigated under static loads. Meas- produced in all beams. The permanent center deflection 
urements of residual strain in a similarly welded beam 

are being made and will be reported when completed. 


Observations 


The distortions produced in all the beams subjected 
to increment drop tests generally followed the same se- 
quence. At velocities of from 12 to 15 ft. per second (h = 
27 to 45 in.), noticeable strain lines in the mill scale de- 
veloped in the flanges and adjacent web sections at mid- 
span. The web directly under the top flange, which was 
subjected to the direct crushing effect of the impact, 
scaled rapidly over a semi-circular zone which extended 
somewhat beyond the area of the loading plates on the 
top flange. Strain lines were visible in the lower flange 
for a distance of 3 ft. from midspan in some of the beams 
at the end of the tests. Plate V shows the condition of 
a welded beam in the early stages of local buckling and 
indicates the scaling of the web. The local depression of 
the upper flange under the bearing plates is accompanied 


by a lateral buckle of the web under the top flange. Plates me in Early Stages of Local 
VI and VII are views taken from opposite sides of a Under Flange 
welded beam which was subjected to additional blows and Local Depression of Upper Flange Accompanied by 


from maximum available height in order to accentuate Buckling of the Web 
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test was continued with a strain gage placed 1'/, in. 
from the center of the weld. Plate [X is a view of the 
underside of the lower flange after test, and shows the 
opening of the weld. Sections cut through the weld dis- 
closed that the overhead weld had failed to fill the groove 
up to the root and only the final pass formed the bead 
(see views of weld sections). It is likely in this case that 
the welders failed to overlap the passes at the center of 
the flange. This condition existed over a length of about 
1'/, in., directly opposite the web at mid-width of the 
flange. Over the remaining width of the flange the 
welds were less defective but contained slag entrapment 
and were generally poor quality. 

It is interesting to note that this beam did not behave 
appreciably differently from the other welded beams in 
which the welds were better. Although the defect pro- 


Plate VI—Severe Distortion of Web and Upper Flange at Con- 
clusion of Impact Tests on Welded Beam No. 7 


of the lower flange varied from 1.18 to 2.32 in. when tests 
were discontinued. Plate VIII is a section of the beam 
shown in the previous views showing the web distortion 
adjacent to the weld. The crack at the top of the web 
below the fillet is at the edge of the cope hole, not in the 
weld. 

Visual examination of all welds was made during the 
tests and most weldments were sectioned after test to 
determine the existence of cracks. As described in the 
test procedure, Whittemore strain gage measurements 
were taken across the lower flange weld at both edges 
and also across the web weld directly above the lower 
cope hole. The measurements recorded permanent 
strain and would include crack openings. Cracks which 
might have developed would tend to close but it was 
hoped that the presence of cracks would be detected by 
an abrupt increase of set measurement. However, after 
pronounced plastic distortion, the detection of fine 
cracks by set measurement is obscured by the rapid 
yielding. No cracks were found in the flange welds 
except in Beam No. 3 which by coincidence was the first 
welded beam tested. In this beam, a part of the weld 
bead was ground off to permit attachment of the strain 

gage at midspan directly under the web. Although the 
ground surface showed some porosity, the existence of a 
major defect was not suspected until the breakage of the 
strain gages resulted at low increments of drop. The 


Plate VIII—Section Through Beam No. 7 Adjacent to the Weld, 
Showing Distortion and ‘Crack i - Web Base Metal at Upper 


duced a physical notch at the critical section, no cracks 
were detected in the adjacent weld or base material. 
Plate X shows typical flange weld sections. 

Reference has been made to the irregularity of the 
Pe coped-hole openings in the web. The views shown indi- 
teas cate the variety of shapes with rough edges produced by 
a. the flame-cutting operation. Two of the beams (Nos. 
23) nag 7 and 11) tested under impact developed a crack at the 

= side of the web weld bead immediately above the lower 
stil hole. Plate XI is a view of a welded beam tested under 
: static loads and shows a crack at the side of the weld 
Plate VII—View of Opposite Side of Beam No. 7 After Test. above the irregular hole. In this specimen the poor 
@ to Local Distortions, a Crack Developed in the Web at the finishing and incomplete penetration at the end of the 
Side of the Upper Hole web weld, where stress concentration would be expected 


tea WELDED BEAMS UNDER IMPACT 385-s 


> A 
j 
"ad | 
Local 
lange 
< 


by reason of the cope undoubtedly contributed to the 
starting of the crack in the web. 


Repeated Blow Tests 


The impact tests previously described were conducted 
by the increment drop method. While this procedure 
furnishes a greater amount of useful data, the behavior 
of the beams subjected to plastic deformation is modified 
by reason of strain hardening effects and in some cases 
by aging effects if sufficient time elapses between suc- 
cessive blows. A tendency to raise the elastic range was 
observed during the increment drop tests. In the case 
of welded beams with residual strains the gradual de- 
velopment of plastic strain permits of some redistribu- 
tion and relief of initial stresses which would be favorable. 
It was considered desirable to make a limited number of 
tests on which the first blow was applied from heights, 
known from the previous tests, to exceed the proportional 
limit and to repeat these blows to accentuate the distor- 
tions and any possible failures which might be produced. 

Beam No. 9, single-V welded, was subjected to an 
initial blow from a height of 66 in. (V = 18.8 ft./sec.). 
Impacts from this height were repeated 42 times followed 


Plate [IX—Underside of Beam No. 3 Showing Cracks in Badly 

Defective Weld. Weld Bead Had Been Ground Off for Place- 

ment of Gages; Nut Was = for Attachment of Deflection 
ate 


A—Weld section in lower flange of Beam No. 3 showing root void 
(lack of penetration)—Section 5/s in. from web. 
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B—Weld section, 1'/: in. from edge of lower flange of Beam No. 3, 
ne slag entrapment and continuation of root void indicated 
in A. 


C—Weld section, in lower flange near web of Beam No. 4 show- 
ing small void at root of weld. 


E—Weld section, 1!/2 in. from edge of lower flange of Beam No. 
12, showing slag entrapment at sides of groove. 
Plate X—Typical Weld Sections 
JULY 
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Plate XI—View of Beam No. 12 After Static Test Showing Crack 
Adjacent to Web Weld at Irregular Termination of Weld and 
Irregular Contour of Hole 


by a final blow from 118 in. (V = 25 ft./sec.), after 
which the test was discontinued. Beam No. 5, double-V 
welded, received an initial blow from a height of 90 in. 
(V = 22 ft./sec.), repeated 11 times after which the 
height of fall was increased and repeated 4 times from 
118 in. Dynamic deflections and strains were recorded 
for the first and some subsequent blows. Permanent 
sets were measured after each blow. 

. Figure 12 summarizes the measurements recorded. 
[he dynamic increments of deflection and strain for the 
first blow were higher than the values at the same height 
of fall recorded after previous increment drops, i.e., 
roughly 50% greater strain and 10% greater deflection. 
Due to the plastic’ deformation produced by each suc- 
cessive repeat blow and the distortion of the beam, the 
dynamic increments became somewhat irregular par- 
ticularly for the test with the higher drop. The deflec- 
tion set produced by the first blow in these tests was ap- 
proximately twice that produced by the same blow after 
previous increment drops but of course was considerably 
less than the total accumulated set up to this blow in the 
lmerement drop tests. The permanent sets increased 
regularly with each blow. 
In analyzing the data shown graphically on Fig. 12, 
Should be emphasized that the strain increments and 
me Sage readings which are called “permanent” set is 
dud a final strain at the gage location which may~in- 
€ redistributed elastic strains induced by plastic de- 
‘mations throughout the affected region. It was ob- 
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served that adjacent gages and gages equidistant frota 
midspan indicated considerable differences in final ‘‘set’’ 
readings during the increment drop and also the low 
temperature tests. In the low temperature tests, de- 
scribed later, where a number of gages were placed in 
the region of the tension flange subjected to greatest 
flexural stress, some adjacent gages showed final readings 
of opposite sign, i.e.: tensile and compressive ‘‘sets.”’ 
The indeterminate amount of plastic strain included in 
these final “‘set’’ measurements together with an un- 
known amount of initial strain which may have been 
present make it difficult to estimate the actual stress 
produced by the impact blow from the recorded strains. 
Referring to the data for the repeated 90-in. blows, it 
will be observed that under the first blow both the dy- 
namic increment (0.00626 in./in.) and the final ‘“‘set’’ 
(0.00503 in./in.) were considerably greater than similar 
increments for subsequent blows (2nd blow, dynamic 
strain, 0.00522 in./in.; increased set, 0.00297 in./in.; 
3rd blow, dynamic strain, 0.00387 in./in., increased set, 
0.00172 in./in.). Using these data in reconstructing a 
stress-strain curve beyond the yield point by the off-set 
method, the stress produced by the first blow appears to 
be about 37,000 psi. For the second, third and eleventh 
blows for which strains were recorded, the derived stress 
is practically constant at about 65,000 psi. with total 
strains between 1 and 2%. If it be assumed that the 
stress of 65,000 psi. represents the true dynamic yield 
point since the values are essentially constant over a 
range of strain reasonably within the ‘‘yield’’ range, then 
the apparent stress of 37,000 psi. produced by the first 
blow with a total strain evidently beyond the yield point, 
leaves a stress of about 28,000 psi. unaccounted for by 
such analysis. In order to derive the same total stress 
under the first blow it is necessary to assume that an 
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initial stress of about 28,000 psi. and that plastic strains 
of approximately 0.7% by the first blow were sufficient 
to eliminate such initial stresses. For the total strains 
involved it does not seem likely that the influence of 
strain hardening upon subsequent behavior would ac- 
count for the lower apparent stress under the first blow. 
The strain data from the 66 in. repeated blow tests and 
the deflection measurements, though less consistent, indi- 
cate similar discrepancies. While the magnitudes of the 
stresses derived above are not accurately determinate, 
the inference that large initial stresses existed is consist- 
ent with the premature departure of both strains-and 
deflections from linear elastic behavior recorded in the 
static and increment drop tests. 

No cracks in any of the welds were observed as a result 
of these tests. Under the repeated blows the final con- 
dition of the beams was similar to that developed in the 
increment drop tests. Pronounced buckling of the web 
was produced under the load point with local depression 
of the upper flange and lateral bow. This buckling of the 
web developed sooner under the higher drops. A */1-in. 
web buckle resulted after 26 blows from a height of 66 
inches and after 9 blows from 90 in. 


Static Tests . 


Both welded and unwelded beams were subjected to 
static loads in a 600,000-Ib. hydraulic testing machine. 
The same supporting pedestals and loading “bridge” 
bearings used in the dynamic tests were employed for 
static loading. 

Figure 13 summarizes the load-deflection data from 
these tests. The double-V type welded beam was not 
duplicated because of the close agreement between all the 
welded beams. One plain beam, designated P3, was 


tested continuously to resistance refusal. Beam No. P4 
was subjected to a double test, one in its original condi- 
tion and another with holes in the web adjacent to both 
flanges simulating the coped holes in the welded beams. 
These holes were formed by drilling a 1-in. hole through 
the web and then enlarging the base adjacent to the 
flange to a width of 1/j, in. with a flat base, by hand 
filing. The location and dimensions of these openings 
are shown in Figs. 15 and 16. In conducting the test 
on this beam, loads were applied until the first indication 
of yield stress was produced, which occurred at 95,000 
Ib. total applied load. Examination showed that the 
yielding evidenced by the increase of deflection and de- 
flection set was due to yielding of the upper flange under 
the load points (possibly due to non-uniform bearing) 
where strain lines appeared. Strain gage measurements 
indicated that no yielding had yet occurred on the lower 
flange surface. Having established the elastic load- 
deflection relationship for the original beam, the holes 
were then made in the web and the loading repeated. 
The load-deflection relation, i.e., the slope of the curve 
for this second run, was identical with that of the first 
load application on the beam without holes and the pro- 
portional limit was slightly higher. 

Figure 14 shows the midspan lower flange strains with 
increasing static loads. Again it will be recognized that 
these gage measurements indicate a local strain condi- 
tion. While there is reasonable agreement of strains 
for all beams up to about 60,000-lb. load, the welded 
beams showed rapid yielding at subsequent loads. The 
apparent lack of agreement between the welded beams 
at these higher loads is due to differences in the local 
strain condition during plastic deformation. The com- 
parison of the plain beam, with and without holes in the 


+P 3-set i2 


P3 


LOAD — 1000 LBS. 


STATIC LOAD— DEFLECTION 


TOTAL DEFLECTION & PERMANENT SET 


APPLIED 


PLAIN UNWELDED NO.P3 
PLAIN UNWELDED-HOLES IN WEB ——N0-P4 


SINGLE V WELDED 


SINGLE V WELDED 
DOUBLE V WELDED 


FIG.13 


0.2 0.3 0.4 0.5 
CENTER 


0.6 0.7 0.8 0.9 


DEFLECTION — INCHES 


WELDING RESEARCH SUPPLEMENT 


1000 LBS. 


APPLIED LOAD 


$ 
7 the 
120 A hol 
6 he flec 
| we 
/ } 
100 hot 
P4 ind 
the 
/ pro 
holes j the 
Can 
wel 
Wo! 
sh; 
wh; 
40 
20 -- NO. 6 
‘ of t 
the 
0 0.! trit 
94 
388-s 


° "4 

| 
‘tA 
| 
STATIC LOAD-STRAIN 
an ail TOTAL STRAIN & PERMANENT SET 
welded 
: PLAIN UNWELDED NO. P3 


20 


PLAIN UNWELDED-HOLES IN WEB —— NO.P4 
SINGLE V WELDED NO. /2 


SINGLE V WELDED ——--——--——- NO. 10 


DOUBLE V WELDED ------------ NO. 6 
FIG. 14 


0 .001 002 0035 -004 005 


006 007 008 .009 010 O11 


MIDSPAN LOWER FLANGE STRAIN — IN./IN. 


web, showed identical midspan strains (directly under 
the hole) with a proportional limit of about 112,000-Ib. 
load. The proportional limit of Beam P4 is lower than 
that of Beam P3, possibly due to the effect of yielding in 
the upper flange, and has no significance as regards the 
influence of the holes, since the same beam without the 
holes showed a lower proportional limit. Both the de- 
flection and strain records show permanent sets for the 
welded beams at decidedly lower loads than the plain 
beams. Although the deflection measurements should 
not ordinarily be sensitive to local yielding, since they 
indicate the integrated effect of all strains throughout 
the span, local yielding throughout the depth of the beam 
produces a hinge action unlike that of a local notch on 
the surface and small plastic strains in this narrow zone 
can result in appreciable deflection for this span. As- 
suming that the difference in the deflection curves for the 
welded and unwelded beams is due to local yielding, it 
would be expected that permanent sets would increase 
at a slow rate because of the small volume involved, 
which is confirmed by the data. The results of these 
Static tests again emphasize the lower elastic range of 
the welded beams and indicate that the presence of the 
coped holes in the web had little or no effect upon the 
general behavior of the beams which were all tested at 
room temperature of between 70 and 80° F. 
_ During the static tests on the plain beam with holes 
aon strain measurements were taken over the 
depth of the beam to determine the influence 
the foc the strain distribution. Figure 15 shows 
gages which included stations at the top 
tributs edges of the hole. The figure shows the dis- 
ion of strain at increasing increments of load. It 
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is interesting to note that within the elastic range the 
strain on the bottom of the flange directly opposite the 
hole was the same as that in the beam without hole, 
and in agreement with the straight line distribution the- 
ory. The strains in the web directly over the hole and 
at the top and bottom edges are, however, considerably 
larger, particularly at Station B, on the upper edge of the 


hole, where the greatest concentration of stress would be. 


expected. These large strains at the top of the hole are 
of particular significance in connection with the cracks 
developed at the lower ends of the web welds in both the 
static and dynamic tests. Welded Beams No. 6 and 12 
developed cracks */, and */\ in. long, respectively, after 
pronounced plastic yielding of the beam was produced, 
at static loads approaching resistance refusal. Beam No. 
10 showed no crack but the refusal load was low because 
of an original lateral bow in the beam due to misalign- 
ment of the sections which contributed to the lateral 
buckling of the top flange. All beams failed in the static 
tests by lateral buckling of the compression flange. For 
purposes of record, the refusal loads for the several speci- 
mens were: No. 6 = 165,000 Ilb., No. 12 = 187,000 Ib., 
No. 10 = 160,000 Ib., No. P3 = 171,750 Ib. and No. P4 
(holes) = 162,400 lb. The presence of the web holes, 
while not affecting the general behavior of the beams ap- 
preciably, appears to have contributed to the cracking 
at the lower end of the web welds and, while the strains 
at the edges of the relatively smooth bored holes are 
large enough to justify such an inference, it is likely that 
the conditions were accentuated by the rough flame-cut 
copes in the weld specimens. 

Additional strain measurements were made along the 
center line of the lower flange at stations shown in Fig. 
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16. The strains at Station 3 directly opposite the hole 
agree with the beams without holes but, at points 1'/, 
in. from the center of the hole (5/s in. from the edge of 
hole) the strains are larger by a percentage which re- 
mains essentially constant during elastic behavior. The 
following Table A shows a comparison of strains at the 
top edge of the hole with the bottom’ flange surface on 
the center line and those on the flanges 1'/, in. from mid- 
span with those at midspan. ‘(Refer to Fig. 16.) 


Table A—Comparison of Strains 


Ratio: 
Strain B 
Strain 3* 


Ratio: 
Strain 37 
1.077 
1.101 


Applied 
Load 
Kips. 

10 
20 
50 
80 
100 
110 
120 
130 
135 


* The strain in the web at the same location for the beam with- 
out holes would normally be 0.742 of the lower flange strain ac- 
cording to the linear distribution. The strains at the top edge of 
the hole would therefore be greater at the corresponding location 
on the web without hole by 1.35 times the ratios shown above, 
within the elastic range. Appreciable “‘sets’’ resulted in gage B at 
30* load and in gage 3 at 90* load. 

+t The centers of gages 2 and 4 on the lower flange surface were 
5/, in. from the edge of the hole in the web. The locations of these 
gages may not be at points of maximum strain. 
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Strains measured at edges of the flange indicated es- 
sentially uniform strains transversely across the flange at 
midspan. 

The longitudinal variation of strain along the flange 
resulting from the influence of the hole, although meas- 
ured by a limited number of stations, is in agreement 
with photoelastic studies. These studies, made on a flat 
plate, with a hole near the edge, subjected to bending 
in the plane of the plate, demonstrated that the edge 
stresses are the least opposite the hole and greatest at a 
short distance from the hole. The irregular distribution 
diminishes rapidly and the effect of the hole is localized 
to the immediate vicinity. The higher longitudinal 
strains in the flange at a short distance from the hole 
may explain the tendency for both the dynamic and 
static strains shown in Figs. 10 and 13 to be somewhat 
larger in the welded beams since the gages were placed ad- 
jacent to the weld. ; 

The test on the plain beam with holes in the web shows 
that, while the stress concentration around the hole 
greatly increases the strain in the web at the level of the 
inner edge of the hole and modifies the longitudinal dis- 
tribution in the flange in the vicinity of the hole, the ef- 
fect upon the behavior of the beam as a whole is inap- 
preciable, a conclusion which should be limited, however, 
to the temperature and properties of the material in- 
volved in these tests, which were favorable to relief of 
stress concentrations by plastic yielding. The deflec- 
tion and strain sets in these welded beams at low loads 


under both static and dynamic loads cannot be attrib- 


uted to stress concentration around the holes. How- 
ever, the cracks developed at the ends of the web welds, 
after severe distortion of the beam, can be explained by 
the large strains developed at this point. Beam No. | 
with filled coped holes behaved similar to open hole 
beams. It will be noted that with these holes closed, 
thus eliminating the stress concentrations, sets also de- 
veloped at low loads similar to the behavior of the open 
hole beams. 

An explanation of the lower apparent elastic range for 
the welded beams, other than some unknown effect upon 
the physical properties by the welding heat, is suggested 
by the likely presence of residual stresses due to the weld- 
ing operation. Measurements of residual strains in 
similar weldment of sections of the same beams tested 
are being made and will be reported later. 

Comparison of the results of the static and dynamic 
tests is made difficult because of the lack of a common 
parameter; in one case the effects are due to applied 
load while in the other they result from the kinetic char- 
acteristics of the striking mass. Referring to the pro- 
portional limit of the plain beams, i.e., when permanent 
sets started, the strain under dynamic load was 0.00170 
in./in., while the similar limit of elastic strain in the 
static tests was 0.00125 in./in. (or 0.00110 for Beam P4). 
These limits would indicate a dynamic proportional limit 
36% higher than the static value. That the elastic 
range should be extended. under the dynamic loads is 


Table 2—Tension Tests—Specimens from Flanges of Bears Tested 


Beam 
Test 


Impact 


Beam 
No. Type 
Pi Plain, Unwelded 


Specimen 
Location 
End 
Center 
End 
End 
Center 
End 
End 

End 
Center 
End 
End 
Center 
Center 
End 
End 


End 
End 
End 
End 
Center 
Center* 
End 
End 
End 
End 
End 
End 
End 
Center 
Center 
End 
End 
Center 
Center 
End 
End 
End 
End 


P2 Plain, Unwelded Impact 


P4 Plain, Unwelded 
1 Double-V Welded 


Static 
Impact 


2 Double-V Welded Impact 


3 Double-V Welded Impact 


4 Double-V Welded Impact 


5 Double-V Welded Impact 


6 Double-V Welded 
Single-V Welded 


Static 
Impact 
8 Single-V Welded Impact 


9 Single-V Welded Impact 


10 Single-V Welded Static 


ll Single-V Welded Impact 
12 Single-V Welded Static 


Weid reinforcement machined off. 


Vield Tensile % 
Point, Strength, Elongation, 

Psi. Psi. In. Fracture 
37,600 61,200 30.0 Gage point 
41,100 63,500 23.2 Center 
37,000 59,900 32.0 Gage point 
36,200 58,600 32.4 Center 
40,600 62,000 21.5 Gage point 
35,000 59,600 34.0 Center 
34,800 59,000 29.2 Center 
45,700 61,800 22.5 6 in. from weld 
36,450 57,800 28.8 Center 
35,600 59,250 31.8 Center 
47,200 59,600 9.0 In weld 
47,500 62,200 18.5 2 in. from weld 
37,250 60,300 31.0 Center 
35,800 58,300 31.8 1/, point 
34,300 58,400 33.2 Center 
37,800 60,250 32.8 Center 
35,600 58,600 30.0 1/, point 
36,800 59,800 31.3 1/, point 
45,500 59,200 10.6 7 in. from weld 
47,500 61,400 17.3 7 in. from weld 
39,200 62,200 31.5 Center 
37,150 61,300 31.9 Center 
37,100 59,000 34.1 Center 
36,100 59,400 35.2 Center 
35,700 59,500 33.5 Center 
36,500 59,800 33.1 Center 
36,000 59,200 30.4 Center 
39,100 56,900 7.6 In Weld 
39,600 60,400 14.0 In Weld 
35,700 57,400 29.3 1/, point 
36,000 58,750 31.8 Center 
50,200 59,900 6.0 In Weld 
49,500 61,200 8.1 In Weld 
36,200 58,700 31.0 Center 
38,000 59,700 32.0 Center 
37,000 61,200 31.4 Center 
37,250 61,250 31.0 Center 
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consistent with the known effect of strain rate on the 
physical properties of steel. The relative deflections con- 
firm the above phenomena, indicating about a 30% in- 
‘crease in maximum deflection dynamically as compared 
to the static deflection when permanent set developed. 


Physical Tests on Material 


The tensile properties of the material composing the 
beams were determined from specimens 2 in. wide cut 
from the top flange at the ends of the beams where the 
influence of the loading tests was negligible. Specimens 
were taken from both ends of the welded beams thus 
sampling the two seven-foot lengths used. Similar speci- 
mens were cut from the lower flange of the welded beams 
at midspan so as to include a section of the weld where 
these welds had not been previously cut for examination 
or photograph of the beam distortion. While these 
specimens including the weld were slightly bent and sub- 
ject to the cold working effects of the load tests, they were 
intended primarily to determine possible unobserved 
defects or cracks. In removing material from the beams, 
a length with ‘“‘T”’ section including the flange and part 
of the web was flame-cut and the specimen was then 
machined from the flange. The welded specimens were 
tested with full section including reinforcement ‘(except 
one specimen in which reinforcement was machined off). 
Yield points were determined by ‘“‘drop of beam’’ and 
‘divider’? methods. 

Table 2 records the results of tension tests. In this 
table where two specimens are indicated as taken from 
the end, these specimens represent the two opposite 
ends of the beams and center location designates speci- 
mens taken from the lower flange at midspan including 
the weld for welded beams. Strength values of welded 
specimens are based on net areas excluding reinforcement. 

A review of the results on unstressed material from the 
ends of the beams indicates close similarity of the ten- 
sile properties for all the beams. The material taken 
from the previously stressed zone at midspan of the lower 
flange show increased yield point and ultimate strength 
with a decrease in the per cent elongation which reflect 
the effect of cold work produced by the load tests. The 
differences in the properties of cold-worked material 
taken from different beams has no significance since the 
amount of plastic deformation produced by the dynamic 
and static load tests varied depending upon the continua- 
tion of the loading which was largely determined by the 
buckling of the upper flange and web. As noted, some of 
the’ welded tensile specimens fractured in the weld. Ex- 
amination of these fractures showed gas pockets, slag 
and lack of complete fusion. Many of the double-V 
type welds were not completely penetrated at the root 
of the overhead weld but, although this condition was 
apparent on the machined edges of some other speci- 
mens, failure occurred in the base metal. Typical weld 
sections are shown on Plate X. Before testing the welded 
coupons, a picric acid solution was applied with the hope 
that previously produced cracks could be detected by dis- 
coloration. No cracks could be detected or dissociated 
from recognizable welding imperfections in the fractured 
specimens or sections prepared for examination by macro- 
etching. 


Impact Tests at Low Temperature 


All of the tests previously described were conducted at 
temperatures between 70 and 80° F. Because of the duc- 
tile behavior of these beams at room temperature and 
the availability of a few beams from the same lot, it was 
desirable to make some impact tests under similar condi- 
tions of loading and on the same materials, at low tem- 
peratures. Reported data indicate that, in general, ma- 
terials such as structural steel have higher yield point 
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and ultimate strength, without serious loss of ductility 
as indicated by the conventional static tensile test, gt 
reasonably low temperatures. However, Charpy impact 
tests on notched bars indicate a marked decrease jy 
toughness or energy required to rupture, over a range of 
decreasing temperatures. . This transition may be grad. 
ual or abrupt depending upon the material or “individual. 
ity”’ of the heat. 

The notch used in the Charpy test serves as an artifi- 
cial means of producing severe restraint of longitudinal 
deformation in the specimen by reason of the tri-axial 
stresses at the root which are a function of the geomet- 
rical characteristics of the notch. This transition from 
ductile to brittle behavior in the Charpy tests is accom- 
panied by characteristic changes in the type of fracture 
from fibrous, with considerable local deformation, to 
flat granular, common to brittle materials. Service frac- 
tures believed to have been associated with lateral re- 
straint have shown similar brittle characteristics. The 
temperature at which there is a transition from ductile 
to brittle behavior depends upon (1) the properties of 
the steel, (2) mechanical-metallurgical effects of welding 
heat, (3) the state of stress and constraint and (4) the 
rate of strain. 

As previously described, the welded beams tested at 
room temperature, with the exception of one, were 
tested with open holes in the web adjacent to each flange 
at the welds. The coped holes in the one beam noted 
were closed by weld deposit after the butt splices were 
completed. The effect of the indeterminate stress con- 
centrations around these holes did not appreciably affect 
the flange stresses or behavior of the beam under static 
loads and the one beam with holes closed did not show an 
appreciably different behavior from the other welded 
beams under impact at room temperatures. It was oi 
interest to determine the behavior of both unwelded and 
welded beams with open holes under impact at low 
temperatures. 

Two unwelded beams and two welded beams (one 
with single-V and one with double-V flange splice welds 
were available. The unwelded beams were presumably 
both from one heat and available information indicated 
that the welded beams were both from another heat. 
Sections of these specimens and two similar beams were 
furnished to the Naval Research Laboratory for examua- 
tion and supplementary report (see Auxiliary Tests b) 
N.R.L.). According to the Charpy V-notched bar tests 
reported, the transition from ductile to brittle behavior 
shows differences in notch sensitivity of the material 
which together with slight differences in chemical com 
position is interpreted to indicate that the unwelded 
beams probably were from a different heat of steel than 
the welded beams tested (see Auxiliary Tests by N.R.L 
However, all of the material absorbed very little energy 
in fracturing at the testing temperature of the beams 
(—40° F.). 

While the limited number of tests on the few availavle 
beam specimens would not make it possible to establis# 
critical temperatures for the development of britte be- 
havior, it was hoped that as pilot tests they would provic® 
some useful information concerning the behavior at tel 
peratures within the range of service conditions 10! 
structural work, including the type of fracture, 1 any, 10" 
these full size specimens and the influence of the hy sles 1m 
the web which were required by the welding procedure: 

In order to make comparison with previous tests at 
room temperature, the beams were prepared for dynam 
and permanent set measurements of flange strain at oo 
span and of center deflection. Testing by the increment 
drop method to obtain curves similar to those ager? 
was not practical for these pilot tests because ol oS 
necessarily long period over which the low temperatures 
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Plate XII—Installation for Low-Temperature Impact Tests with 
Cooling Chamber, Air Circulation System and Insulation. 
See Plate I for Test Assembly at Room Temperature 


would have to be maintained. For the purpose of these 
tests, the beams-were subjected to an initial blow with 
the 1014-Ib. tup falling from a height of 90 in. (V = 22 
ft. sec.) (or 66 in. as noted) and repeated as required, in 
the same manner as described for the repeated blow tests 
at room temperature. As noted in the discussion of the 
results, this height was increased to 120 in. (V = 25.1 
ft./see.) for subsequent blows in some of the tests. Pre- 
liminary to the first major blow, a blow from a height 
of 12 in. was applied, primarily to check the recording 
equipment and also to compare the elastic behavior. 

The tests at low temperature required some changes 
in testing procedure. The cooling system consisted of 
an air blower suitably connected by piping to a box en- 
closure built around the central four-foot length of the 
beam. This box having inside dimensions 14 x 30 x 
4S in. and made with celotex boards 2 in. thick, included 
two 6 x 6 x 15-in. chambers at diagonally opposite top 
corners into which 2 to 4-in. broken pieces of dry ice were 
placed. Air from the blower entered the box at the two 
top corners, passed over the broken pieces of dry ice and 
returned to the suction side of the blower through two 
outlets in the bottom of the box directly under the beam 
specimen. This system resulted in a circulation of cooled 
ar around the beam with very little infiltration of warm 
air Irom the outside through the tight fitting enclosure. 
The dry ice was replenished through removable covers 
over the chambers. A central section of the top of the 

x enclosure, 12 in. wide, was removable to permit the 
passage of the falling tup. An 8 x 8-in. access opening 
"as provided in one side covered with glass and insulation, 
and sections of the ends were removable to permit meas- 
urement of permanent deflection by the side bar and dial 
method previously described. The exposed ends of the 

“m, piping and blower were covered with 1-in. thick- 
tess of hair felt for insulation. Plate XII is a view of a 

am installation with the cooling system. 

wane of the “bridge” bearing block assembly used 

€room temperature impact tests, a 2'/, x 6 x 8-in. 
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bearing block provided with a circular groove sufficient 
to avoid contact with the weld bead was attached to the 
top flange. To minimize the participation of this block 
with the top flange under flexure, the block was attached 
by two angles whose horizontal legs were welded to the 
beam along three edges. Each angle was connected to 
the block by a fillet weld along the toe of the vertical leg. 
Because of the small clearance provided between the 
block and the vertical angle leg, and of the flexibility of 


-the angle, no great longitudinal force could be developed 


but the connection effectively held the block in position 
on the beam under the impact blows. The steel rod hold- 
ing the cut-off plate for the light system used to measure 
dynamic deflections was welded to the lower flange and 
passed through the bottom of the box. 

Dynamic strains were measured by C type SR-4 gages 
and permanent strains were measured by from 2 to & 
type Agages. The dummy gages were placed ona block of 
steel suspended within the cooling enclosure and near the 
lower flange where the active gages were attached. All 
gages were covered with a liberal application of Duco 
cement after the original application was thoroughly dry 
and finally all gages and connections were coated with 
vaseline to prevent possible moisture penetration. Lead- 
wires were supported and taped to the beam to reduce 
whipping action under the impact (breakage at the gage 
terminals resulted unless short fine wire connections were 
made to the microphone cable). 

While the resistance changes in the A gages used for 
‘‘set’’ measurements were compensated by simular 
changes in the dummy gage, the dynamic strain amplifier 
had to be modified for use of the dummy gage in the cool- 
ing chamber and to permit balance because of tempera- 
ture differentials and the greater temperature sensitivity 
of the C type gage. Preliminary calibration tests on a 
static tension bar and cantilever beam indicated that 
both types gave a smaller gage response by 2 to 3% at 
temperatures between —40 to —60° F. than at room 
temperature. All initial readings were taken immedi- 
ately before each impact blow. 

Three thermocouples used to record the temperature 
of the beam were attached on the underside of the top 
flange, center of web and top of lower flange at midspan. 
Another couple was attached to the dummy gage block. 
Attachment was made by soldering the twisted junctions 
to the steel and the junctions were covered with '/»-in. 
thick asbestos felt. The temperature-emf. response of 
the iron-constantin couples used were checked with melt- 
ing ice and freezing point of mercury (—38° F.). 

Temperature of the beam as indicated by the thermo- 
couples was reasonably uniform with a temperature dif- 
ferential of not more than 3° F. between the top and 
bottom flange. The dummy gage block because of its 
smaller mass cooled at a faster rate resulting in tempera- 
tures 3 to 6° F. lower than the beam and was more af- 
fected by opening of the cooling chamber requiring a 
stabilization period before applying the impact. 


Results of Impact Tests at Low Temperature 


The significant data recorded is shown in Table 3 
which includes the maximum dynamic deflections and 
strains together with the ‘‘permanent’’ deflection and 
strains in the lower flange resulting from the repeated 
blows. The temperature shown is that of the lower 
flange. Except for Beam No. 8, the A gages used for 
permanent “‘set’’ readings were on both sides of the weld 
or the midspan point located at distances 1'/4, 3'/» and 
58/, in. from the center line. Two gages were placed at 
each of the 1'/4-in. stations adjacent to the weld, spaced 
2 in. apart transversely and symmetrical with the flange 
center line. The 3'/, and 5*/,-in. stations were directly 
under the beam web on both sides of midspan. These 
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Table 3—-Impact Tests on Welded and Plain Beams at —40 and —62° F. 


Striking Perm. Dyn. Dyn. Time 
Height Veloc- Deflec- Apparent ‘‘Sets’’* Max. Max. Max. 
Temp. . of Fall, ity, tion, Sta. Location from Midspan Deflec., Strain, Deflec., 
Beam Type "2. In. Ft./Sec. In. 1!/, In. 31/2 In. 53/, In. In. In./In. Sec. 
8 Single-V —42 12 8.03 0 -200 0.00086 0.0055 
Beam fractured 
4 Double-V —41 12 8.03 0 0 0 0 0.185 0.00098 0.0058 
Weld —41 66 18.8 0 +0.000218 —0.000035 —0.000033 0.446 0.00214 0.0057 
+0.000029 
—42 90 22.0 Q.008 +0.000745 —0.000115 —0.000074 0.496 0.00221 0.0054 
+0.000230 
—40 120 25.4 0.095 +0.001210 —0.000191 —0.000355 0.577 ..... 0.0053 
+0.000731 
—43 120 25.4 Broke +0.001495 —0.000350 —0.000485 0.00295 
+0.000932 
Weld probably cracked under first 120-in. blow 
Beam completely fractured under second 120-in. blow. 
P5 Plain —40 12 8.03 0 0 0 0 0.193 0.00089 0.0057 
— 40 90(1) 22.0 0 +0.000173 +0.000265 —0.000056 
—0.000108 
—43 90(2) 22.0 0.001 +0.000251 +0.000118 -—0.000075 0.466 Gage 0.0055 
— 0.000132 
—38 120(1) 25.4 0.011 +0.000385 +0.000165 -—0.000083 0.516 Broke 0.0053 
— 0.000163 
—41 120(2) 25.4 0.025 +0.000502 +0.000207 -—0.000051 ... ..... 
—0.000150 
— 62 120(1) 25.4 +0.000550 +0.000230 -0.000046 ... ..... 
—0.000159 
—60 120(2) 25.4 0.035 +0.000580 +0.000252 -—0.000036 0.549 _..... 0.0055 
—0.000164 
Discontinued. No fracture. 
P6 Plain with —41 12 8.03 0 0 0 0 0.197 0.00082 0.0057 
holes in 90(1) 22.0 0 +0.000276 —0.000045 —0.000025 0.00234 
web —42 90(2) 22.0 0.005 +0.0004382 —0.000045 —0.000010 0.496 0.00212 0.0058 
—42 120(1) 25.4 0.013 +0.000775 —0.000073 -—0.000010 0.528 0.00258 0.0059 
—43 120(2) 25.4 0.024  +0.001230 —0.000097 —0.000005 0.527 0.00270 0.0058 
—62 120(1) 25.4 +0.001480 ~0.000136 -—0.000005 0.497 9.00260 0.0057 
—62 120(2) 25.4 0.033 +0.001760 —0.000154 —0.000009 0.509 _..... 0.0058 
—58 120(3) 25.4 +0.002045 —0.000174 —0.000020 
120(4) 25.4 0.043 +0.002450 -—0.000205 -—0.0000385 ... ..... 
Discontinued. No fracture. 


* Apparent “‘sets,”” measured after each blow, were recorded by from 6 to 8 gages (Al type) on both sides of the weld or the midspan 


point on the base metal at the distances shown. 
on either side is given. 
span. 

+ = tension; — = compression. 


Where only one value is shown in the table, the larger of the strains at equal distances 
Where two values are shown, the greatest of opposite signs are given for stations at the same distance from mid- 


distances are measured to the center of the gage length. 
For the gages adjacent to the butt weld, the end of the 
gage element was about '/; in. from the edge of the weld 
bead. 

As indicated, the two welded beams were fractured by 
90 and 120-in. blows, respectively, at —40° F. The 
plain beams, with and without holes, resisted similar 
blows at —40° F. and also repeated blows from 120 in. 
at —62° F. without fracture and with relatively small 
permanent deformation. ‘The character of the fractures 
will be described later. 

The dynamic behavior of the beams tested at —40° F. 
can be compared with those tested under the repeated 
blows at room temperature (+ 80° F.) and the increment 
drop tests within the elastic range. For each of these 
tests, the preliminary 12-in. blow produced dynamic de- 
flections and lower flange strains which agreed very 
closely with those under similar conditions at +80° F. 
and no permanent sets developed. The maximum de- 
flections and strains produced by the 90 and 120-in. 
blows for all beams tested at low temperature, agree sub- 
stantially with the values which would be predicted by 
extending the linear initial slope of curves for the incre- 
ment drop tests to the velocities of 22 and 25.4 ft./sec. 
in Figs. 8 and 10. This agreement, together with the 
relatively small increment of permanent set produced by 
each successive blow, indicates essentially elastic action 
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and that the elastic modulus was not appreciably al- 
fected by the temperature. For comparison with the 
behavior at +80° F., the first 90-in. blow of the repeated 
blow tests shown on Fig. 12 produced a dynamic deflec- 
tion of 0.454 in. with a set of 0.078 in. and a dynamic 
strain of 0.00626 in./in. with a set of 0.00503 in./in. The 
relatively small permanent sets produced by both the 
90 and 120-in. blows at the lower temperature as shown 
in Table 3, indicates an extended elastic range with higher 
proportional limit at these temperatures. _ al 
The permanent strains recorded at the various stations 
are of interest because of the indicated tensile at’ 
compressive deformations produced. The measurements 
extend over the central 11'/:-in. length of the lower 
flange directly under the load point, and it might be .. 
pected that, when yielding was initiated, all the materi 
in this limited zone would develop tensile plastic defor- 
mation. The record indicates that at a distance 
5*/, in. from midspan compression strain sets were Pr" 
duced in all beams and that compression sets were pi" 
duced at 3/2 in. in Beams No. 4 and P6. W here ont 
values are shown for apparent ‘‘sets’’ in Table 3 we 
give the greatest of the tensile and compressive sets @ 
stations equally distant from midspan but on °P} oe 
sides. All of the compressive sets and some of the seed 
sile sets produced by initial blows are small _ he 
represent elastic strains. The strain sets produced ™ 
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; aa can only be roughly approximated as discussed for the 
repeated blow tests. For the plain beam, with web 
holes, P6, the elastic recovery would indicate a stress 
produced by the 90-in. blow of about 60,000 psi., and a 


: stress of about 67,000 psi. for the 120-in. blows. Al- 
though a lowering of temperature has never been shown, 
by available information, to have any effect upon residual 
5 stresses, it is possible that some readjustment of these 
stresses may have taken place. 

Beam No. 8, single-V butt welded, broke under the 


- first 90-in. blow with a fracture extending completely 
‘1a across the section. The complete and instantaneous 
54 separation gave the impression of extreme brittleness 
comparable to the behavior of cast iron. Plate XIII is 
53 a view of the realigned ends showing the configuration of 
55 
153 
Plate XIIJ—Fracture of Single-V Welded Beam No. 8 
= plain beams are smaller at all stations than those for the i, 
00 


same loading in the welded beam. The non-uniformity 
of these strain sets suggest either a relief of existing re- 
sidual strains which are likely to be smaller in the plain 
beam or a redistribution in the vicinity of a local plastic 
058 deformation, in which case some of the ‘“‘sets’’ recorded 
may include elastic strains. 

Because of the indeterminate plastic deformation in- 
058 cluded in the recorded apparent ‘‘set’’ measurements 
after the applied blow, the stress produced by the blow 
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h the Beets a 3 Plate XV—-Upper Flange and gers Half of Web Fracture of 
leflec- 
namic 


The ot — ome | the fracture. The fracture in the lower flange was di- 
h the . — rectly under one edge of the coped hole in the web and 
shown Ras — 5 extended across the flange at '/, to 7/5 in. from the edge 
higher : e ; of the weld bead. The fracture did not enter the weld 

+5 = - ; metal. A small depression may have existed at the cor- 
ations ner of the hole produced by the flame cutting. The frac- 
e and a ae a ture in the web extended from the top of the hole at the 
ments aoe s edge of the web weld bead for a distance of 1°/, in., then 


jower continued obliquely to a height of about 6 in. after which 


be oe it progressed vertically and approximately 2 in. from the 

ateria web weld. A secondary crack, starting at a height of 4 

pase in., opened about '/j,5in. at its junction with the primary ss 
nce 0 


fracture and progressed obliquely to a point 6 in. from 


re pre the web weld and terminated in the beam fillet under the 
re pro- upper flange. The upper flange fracture was 2*/s in. . 
re twe from the edge of the weld. Except for the diagonal sec- 
3 they ondary crack, none of the fracture occurred in the welds. 
sets rf Plates XIV and XV are views of the fractured ends. vy 
pposite Examination of the fractured lower flange (Plate XIV) ad 
he ea showed a flat, fine-grained granular surface over a zone 
np Plate XIV—Lower Flange and Lower Half of Web Fracture of about 1'/. in. wide directly under the web hole. The top 


Beam No. 8 of this zone directly adjacent to the right angle corner 
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of the hole was somewhat finer and it is assumed that the 
separation started at this point. The remainder of the 
flange area either side of this central zone was also rela- 
tively flat but more ragged, suggesting a ripping type of 
separation with ridges or ‘‘chevrons’’ along the edges 
with ‘‘arrow-heads”’ pointing toward the central zone of 
the flange area. The web fracture over the lower por- 
tion was a flat, ripping type with distinct ridges or 
“chevrons”’ along the edges witl# ‘‘arrow-heads”’ pointing 
toward the lower flange. The upper portion of the web 
fracture was flat fine granular similar to the entire upper 
flange area (Plate XV). The web fracture adjacent to 
the web weld above the lower hole showed no imperfec- 
tions, was somewhat finer, and appeared to be in the ad- 
joining base metal at the edge of the weld, but a small 
void existed in the end of the weld at the top of the hole 
(see N.R.L. Report—Fig. 8). Between the irregulari- 
ties of the web fracture, numerous small brighter crystal- 
line patches were distinguished from the general duller 
appearance. 

Because of the brittle behavior of the other welded 
beam, the first major blow applied to Beam No. 4, double- 
V welded, was delivered from a height of 66 in., although 


Plate XVI—Fracture of Double-V Welded Beam No. 4 


the dynamic strain developed in the previous test was 
consistent with elastic behavior under the 90-in. blow. 
The action produced by the 66-in. blow was essentially 
elastic without fracture. A 90-in. blow produced appre- 
ciable permanent set. The next blow from 120 in. pro- 
duced a relatively large increase in deflection and strain 
sets although the tup rebounded as usual. A crack or 
abnormal distortion was suspected but the cooling en- 
closure prevented detailed examination. Under the sec- 
ond blow from 120 in. at —43° F. the beam fractured 
completely across the section. That a major crack in the 
lower flange weld started with the first 120-in. blow is 
strongly suggested by the very appreciable sets produced 
by this blow. 

The fracture of the tension flange of Beam No. 4 which 
at first appeared to be entirely in the weld was found by 
further examination (see N.R.L. report—Fig 8) to 
be in part in the adjacent base metal but apparently 
started in the flange weld metal opposite the web where 
the weld was badly defective. The upper flange fracture 
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Plate XVII—Lower Flange and Lower Half of Web Fracture 
of Beam No. 4 


was along the center line of the weld. The fracture across 
the web, starting at the edge of the web weld at the bot- 
tom cope hole, progressed irregularly between the lower 
and upper holes, extending to about 2 in. from the weld 


Plate XVIII—Upper Flange and Adjacent Web Fracture of 
am No. 4 
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as shown in Plate XVI. The flange welds contained 
large voids, slag inclusions and were generally of very in- 
ferior quality. A spot of fine granular appearance near 
the large central void and a few inclined ridges appeared 
near the surface of the irregular tension flange fracture. 
The web fracture was flat with a fine granular appear- 
ance and fine ridges or ‘“‘chevrons’”’ pointing downward. 
Plates XVII and XVIII show the condition of the frac- 
ture. 

The unwelded beam, P5, was subjected to repeated 
blows from 90 to 120 in. at —40° F. and additional blows 
from 120 in. at —62° F. No fracture resulted and rela- 
tively small permanent sets were developed. 

The unwelded beam, P6, was provided with holes in 
the web adjacent to both flanges. These holes were 
drilled and enlarged by filing to form right angle corners 
similar to those in the welded Beam No. 8. The purpose 
of this test was to compare the behavior of welded and 
unwelded beams with similar web holes since the frac- 
ture of the welded Beam No. 8 suggested an influence of 
the sharp corner of the hole. This beam was subjected 
to eight repeated blows (six of them from a height of 
120 in.) at ~40 and —62° F. The deflection and strain 
sets were comparable with the plain beam, P5, and no 
‘racture resulted. 

_ The limited number of tests at low temperature were 
tended as pilot tests to indicate possible future study 
and, while the data provides interesting information, 
no final conclusions are justified. Summ :rizing, how- 
ever, both welded beams fractured while the unwelded 
beams withstood sufficiently more blows at lower tem- 
peratures without fracture to indicate greater resistance. 
Although the double-V weld was inferior in quality, this 
beam withstood a greater impact load than the single-V 
welded beam which failed outside the weld. The test of 
the plain beam with holes in the web confirms the results 
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of the static tests, which indicated that the presence of 
the holes in themselves was not critical, at least for the 
quality of steel tested. Eliminating the contribution 
of the faulty weld, factors influencing the failures in the 
welded beams include the possible effect of residual 
strains and perhaps some unknown effect of welding heat 
upon the physical properties of the adjacent base metal, 
which is not yet thoroughly understood. Further studies 
should include thermal treatments of the welds and ad- 
jacent base metal. 


Supplementary Test Data 


This investigation afforded the opportunity to ob- 
tain some additional fundamental data on the behavior 
of simply supported beams under centrally applied im- 
pact. These data include strain and deflection measure- 
ments over the half-span, from which the shape of the 
elastic curve at various time intervals after contact was 
determined, and the effect of different contact materials 
at the load point upon the midspan deflection. 


Elastic Curve 


An unwelded beam (16 in. WF 71 Ib.) as-rolled and not 
previously loaded was prepared with electric strain gages 
and cut-off deflection plate as previously described, at 
12-in. intervals from midspan to one support. In addi- 
tion, a ‘“make-and-break”’ circuit was provided between 
the tup and bearing block to record time of initial contact 
to which all strain and deflection durations were referred. 
Blows by the 1014-lb. tup from a height of 12 in. (V = 
8.03 ft./sec.) were repeated for measurements at each 
station. The bearing block on the upper flange was pur- 
posely made small (1 x 4 x 4 in., welded four edges) for 
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these tests to avoid appreciable effect on the section 
modulus and to reduce additional mass. Figures 17 and 
18 are reproductions of the recorded film transients dur- 
ing the first half vibration cycle showing the variation of 
strain and deflection at each station. In referring to 
these figures, it will be noted that the station records 
have been displaced vertically to avoid confusion but 
that all are referred to the same time scale. Figure 
19 shows the variation of lower flange strain and the 
vertical displacement of the beam at selected time inter- 
vals after contact. 

Referring to these curves, the records indicate that 
while the time of first deflection and strain response is 
appreciably delayed after contact of the striker in both 
cases, the delay in deflection is quite regular from the 
midspan toward the support while the lower flange longi- 
tudinal strain does not follow this progressive response. 
The first strain response in the lower flange occurred at 
midspan directly under the load application about 
0.00012 sec. after tup contact. This time agrees reason- 
ably with an estimated value of 0.00008 sec. required for 
a strain wave emanating from the point of contact (17 
in. above the lower surface), considered as a uniaxial 
propagation and traveling with a velocity of 202,000 in. 


per second ( z , to reach the point of measurement. 
p 


This estimated time would probably be slightly less for 
a plane wave due to the effect of lateral deformations. 
The superposition and interference of strain waves re- 
flected from the free boundary surfaces results in a strain 
propagation along the beam flange which the data indi- 
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cate produces initial strain response sooner near the 
supports than at points adjacent to midspan. The curves 
indicate that compressive strains are developed in the 
lower flange immediately after contact at all points ex- 
cept midspan. The magnitudes of the strains at selected 
time intervals after contact are shown in Fig. 19. 

The elastic curves of Fig. 19 are shown as broken lines 
through data points although smooth curves without in- 
flection points would probably be justified. At the time 
of maximum deflection, comparison is made with the 
static elastic curve having the same center deflection. As 
indicated, the elastic curve of the beam resulting from 
impact when maximum deflection at midspan occurs js 
somewhat sharper near the support and flatter toward 
midspan but agrees reasonably well with the correspond- 
ing static curve, an assumption which is made in sim- 
plified formulae for maximum deflection. The common 
formula, 


d=dil+ /d,. 


where d = dynamic center deflection, d, = center de- 
flection for striker weight W applied statically, W, = 
weight of beam, and h = height of fall, is based upon as- 
sumptions which imply that all the kinetic energy of the 
falling mass is converted into flexural strain energy with- 
out loss due to local deformation at the point of impact 
or at the supports, and that the beam vibrates only in 
the fundamental mode whose shape is the same as the 
static elastic curve. The computed dynamic deflection 
and assumed shape of the elastic curve are in substantial 
agreement with the experimental data. Although this 
formula does not differentiate pressure-time approach 
conditions which, as shown, involve a series of sub-im- 
pacts during the vibration cycle, the estimated center 
deflection in this case of steel contact surfaces is 0.200 in. 
as compared with the measured value of 0.195 in., or 
within 2.5%. This close agreement is due essentially to 
the conditions in these tests wherein the greatest part of 
the total beam energy is utilized in the first vibrational 
mode, as shown in Part II. With the usual assumption 
that the flexural stress is related to deflection as for static 
curvature, the estimated maximum stress at midspan 
agrees very closely with the stress obtained from the peak 
value of measured strain at midspan, although the max1- 
mum strain and deflection do not occur at the same time 
and the mean curvature does not reflect the rapid fluc- 
tuations in strain. Because the dynamic stresses involve 
a very complex propagation of stress waves, there seems 
to be no justification for the assumption that the dy- 
namic stresses are related to the deflection or curvature 
as for static loading which is usually made in approx! 
mate analyses. 


Effect of Contact Material 


An unwelded beam was subjected to repeated blows 
with 12-in. drop to determine the effect upon the de- 
flection of various contact materials at the impact locd 
point. The materials used included steel, cast lead, rub- 
ber, soft pine and maple. These materials in the form 0! 
blocks, 1°/, in. thick by 4 in. wide for the lead and wood, 
21/. in. x 6 in. for the steel and 1!/2 in. x 3°/, in. for the 
rubber were clamped to the upper flange at muidspat. 
These materials were arbitrarily selected because of the 
range of physical properties and probable differences 
local deformations at the point of contact under the ad 
pact. The steel and rubber behaved elastically under ' : 
impact but the lead and wood were permanently indentec 
by the striker. For the purposes of these comparisol> 
time-deflection measurements were recorded at midspan. 
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Figure 20 shows the time-deflection curves reproduced 
from the film records, referred to a common time of ini- 
tial deflection response (lag in deflection response after 
initial contact was not measured). The curve for the 
steel block follows the familiar pattern of the previous 
tests with undulations in the vicinity of maximum de- 
flection but for the less rigid materials the curves are 
more regular and smooth due to the modification of the 
sub-impact phenomena. In addition to the decreased 
maximum deflection as compared with the steel, the less 
rigid materials produce a much slower rate of increase of 
deflection immediately after contact, and they increase 
the duration of the first half-vibration cycle, which for 
the rubber and soft wood was about twice that of the 
steel. The penetration of the rounded striker into the 


contact materials, indicated approximately by the final’ 


indentations, was, for steel, relatively negligible; lead, 
‘/igin.; soft wood, °/;.in.; hardwood, '/;9in.; and rub- 
ber, */y in. (elastic without set). No visible rebound of 
the tup resulted for the soft wood which splintered at the 
surface. 

No attempt is made to correlate the physical proper- 
ties of the materials to the behavior of the beam. How- 
ever, it appears that the less rigid contact material af- 
fects the deflection of the beam in two ways, (1) by de- 
creasing the magnitude of the deflection, and (2) by in- 
creasing the time of the vibration cycle. The energy 
stored in the elastic contact materials is utilized in the 
rebound of the tup with retardation of the beam recov- 
ery. The change in shape and extended duration of the 
deflection-time cycle suggests that the effect of the less 
rigid contact materials, particularly the rubber, was to 
modify the associated pressure-time approach conditions 
by increasing the time of deceleration of the tup, reducing 
the contact pressure and eliminating the subsequent sub- 
impacts. The influence of an elastic contact material 
upon the beam deflection will depend upon the relative 
rigidities of the contact material and the beam. A rub- 
ber ‘‘cushion’’ would have less effect upon the deflection 
of a small section, long span beam than upon the less 
flexible beam such as used in these tests. The effect of 

approach” conditions is discussed further in Part II, 
where estimates of the beam deflection by the mathe- 


matical treatment presented are compared with the ex- 
perimental values. 


Summary 


, This investigation was originally directed toward the 
“ctermination of the resistance of butt welds to high 
rates of strain. With the probable existence of elastic 
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residual stresses in the weld, there was some uncertainty, 
because of lack of experimental data, as to the behavior 
of the weld under rapidly applied strains such as occur 
during impact, particularly with regard to the time factor 
associated with plastic deformation necessary for the 
redistribution or relief of such strains. During the prog- 
ress of the studies on welded and unwelded beams under 
both static and impact loadings, at room temperature, it 
became apparent that other factors involved required in- 
vestigation. Because of the lower elastic range for the 
welded beams it became necessary to investigate the in- 
fluence of the holes in the web adjacent to the flanges 
under both static and dynamic loads. It was also desir- 
able to determine the order of magnitude of the residual 
strains by a survey of a similarly welded joint. These 
measurements now in progress will be the subject of a 
supplementary report. While considerable data was 
thus accumulated under normal room temperature con- 
ditions which indicated that the behavior of the plain 
and welded beams were not radically different, the ques- 
tion was raised as to the possible effect of low tempera- 
ture, particularly in view of the phenomena of embrittle- 
ment at low temperatures accompanied by local condi- 
tions of restraint. A limited number of pilot tests at —40 
and —62° F. furnished additional factual information 
which suggests further studies. Incidental to the primary 
purposes of the investigation, experimental data were ob- 
tained concerning the elastic behavior of simply sup- 
ported beams under centrally applied impact. 

The significant findings of this investigation are sum- 
marized as follows: 


Static and Dynamic Behavior at 70 to 80° F. 


1. Under static central loading, both the plain un- 
welded and the butt welded laterally unsupported beams 
failed structurally by yielding followed by lateral buc- 
kling of the upper flange without fracture of base material 
or flange welds. 

2. Under static loads the most evident difference in 
behavior was the relatively low loads at which the welded 
beams developed permanent center deflections and mid- 
span lower flange strain. The strain measurements indi- 
cate local yielding in the vicinity of the weld at about 
one half the proportional limit load for the plain beam, 
which is reflected in the load-deflection curve by a grad- 
ual divergence and flatter ‘“‘knee’’ in the curve. There 
was no evidence of any adverse effect upon the ultimate 
behavior of the beams, due to the early departure from 
proportionality. 

The impact tests showed a higher elastic range 
for the plain beams as compared with the static tests due 
to the velocity effect and confirmed the premature de- 
velopment of permanent deflection and local strain in the 
welded beams as shown by the static tests. 

4. Under impact loading, both the welded and un- 
welded beams developed web buckling and local upper 
flange depression at the load point without fracture or 
evidence of cracking in any of the flange welds. Only 
after severe distortion of the section did some of the 
welded beams under both static and impact loading de- 
velop a small crack at the edge of the web weld directly 
over the lower flange cope hole. 

5. The exact state of stress in the vicinity of the cope 
holes was not determined particularly as regards the 
transverse stress induced in the flange at the edges of the 
holes but measurements of longitudinal strains under 
static loads indicated a large concentration at the top of 
the hole adjacent to the tension flange and a modification 
of the stress on the surface of the tension flange. The 
stresses induced in the flange were about 10% greater 
than for a beam without holes, at a distance of °/s in. 
from the edge of the hole. At room temperature, these 
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localized stresses were undoubtedly redistributed or 
“ironed by plastic deformation and although cracks 
did develop at the side of the web weld on the top edge 
of the cope hole where measurements indicated high con- 
centration of strain, the influence of the localized con- 
centrations due to the hole were not critical as regards 
the resistance of the beams. 

6. The behavior of the one specimen having cope 
holes closed by weld metal was not appreciably different 
from the open hole welded beams and the behavior of 
beams with single-V and double-V welds was essentially 
the same. 

7. No fractures resulted in welded beams of either 
type under impact at room temperature by repeated 
blows with tup velocities producing permanent deforma- 
tions under the first blow. The dynamic yield point as 
indicated by the strain measurements appears to have 
been raised to about 65,000 psi. by reason of the in- 
creased strain rate as compared with the static tension 
yield point of about 36,000 psi. or static flexural yield 
strength of approximately 46,000 psi. (by 0.2% offset). 


Low Temperature Tests 


8. Impact tests on welded beams at —40° F. resulted 
in complete brittle fracture of the section without ap- 
preciable local deformation. Unwelded beams, both with 
and without holes in the web, withstood repeated blows 
at —40 and —62° F. at greater velocities without frac- 
ture and with relatively small permanent deflections or 
strains. However, the limited capacity of the testing 
equipment did not permit a sufficient increase of dynamic 
load to measure, quantitatively, the ultimate resistance 
of the plain beams as indicated by fracture or crippling. 
Thus, the data does not evaluate any possible influence 
of the web holes but does demonstrate, qualitatively, the 
greater resistance of the plain beams as compared with 
the welded beams. 


9. The fracture resulting in the single-V welded beam 
occurred in the base metal of flanges and web. The 
fracture in the tension flange was parallel to and */, in, 
from the weld directly under the edge of the web hole. 
The fracture in the double-V welded beam was partially 
in the base metal and partially through defective portions 
of the flange welds. Although these welds were ob- 
viously very inferior in quality, more blows were required 
to produce fracture than in the case of the single-\y 
welded beam which broke under the first blow. The 
data shows that at room temperature, the influence of 
stress concentrations due to weld discontinuities and the 
copes were not critical. While the ultimate resistance of 
the plain beams, with holes in the web simulating the 
copes in the welded beams, could not be determined, the 
greater demonstrated resistance of the unwelded beams 
would seem to indicate that the presence of holes was not 
primarily responsible for the lower resistance of the 
welded beams at low temperature. Although the welds 
were all of poor quality, the beam in which the quality 
of the weld was more likely to have been critical, with- 
stood more blows than the beam which fractured entirely 
in the base metal. These contradictions suggest some ef- 
fect of inherent properties of the materials or some other 
effect associated with welding. These limited pilot tests, 
while inconclusive, indicate the need of further research 
to determine the effect of low temperatures on the impact 
resistance of welded beams, having good and poor quality 
welding and materials of known history. Plans of the 
Committee for the immediate future involve such a re- 
search program. 

10. The relatively lower proportional limit of the 
welded beams has been attributed, by a process of elimi- 
nation, to residual stresses. The order of magnitude of 
.these stresses in the butt-welded structural beam tested 
are under investigation and will be presented in a supple- 
mentary report. 


Auxiliary Tests on the Steels of I-Beams 
Tested in Flexural Impact at Columbia 


University* 


By George G. Luther,t Wells E. Ellist and Carl E. Hartbowert 


Introduction 


N investigation has been conducted 

at Columbia University under the aus- 
pices of the Structural Steel Committee 
of the Welding Research Council to de- 
termine the performance of butt-welded 
splices in 16-in. I-beams under flexural 
impact loading. Failure of specimens 
tested at room temperature was by pro- 
gressive buckling and crippling rather 
than by fracture. Additional tests were 
conducted at Columbia to determine the 
combined effect of flexural impact and low 
testing temperature. The first beam of 
this serics (No. 8) contained a butt-welded 
splice and was tested at a temperature of 
--42° F. The beam broke under the first 


* This report represents only the personal opin- 
ions of the authors and in no way reflects the of- 
ficial attitude of the U. S. Navy. 

t Welding Section, Metallurgy Division, Naval 
Research Laboratory, Office Naval Research, 
Washington 20, D. C. 
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blow (90-in. drop of a 1000-lb. tup) with 
a brittle, ripping type of fracture. To de- 
termine the effect of semicircular copes 
which had been cut in the top and bottom 
of the web of this beam to facilitate the 
making of sound flange-splice welds, an 
unwelded beam (No. P-6) containing holes 
to simulate the copes of the welded beam 
was tested at —40° F. and finally at —62° 
F. without fracturing. The final beam of 
this series (No. 4), again containing a butt- 
welded splice, although in this case in- 
complete welds, was tested at —40° F. 
After having withstood a 66-in. drop, a 
90-in. drop and one 120-in. drop, the beam 
broke in a brittle manner fracturing 
through the flange-splice butt-welds under 
a second 120-in. drop of the tup. 

The Naval Research Laboratory as a 
member of the Structural Steel Research 
Committee was requested to conduct aux- 
iliary tests on the materials of these beams. 
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Three-foot lengths of each beam were 
sent to this laboratory from Columbia 
University. The lengths of beams 5 and 
7 contained no fractures since failure 10 
the room temperature tests at Columbia 
was by crippling. The lengths of beams 4 
and 8 contained part of the welds and 
fractures while the 3-foot length from 
beam P-6 was the central midspan sec 
tion containing the simulated copes The 
fracture in beam 8 was entirely outside 
the darkly etching heat-affected zonc with 
the exception of a short distance at the top 
of the tension cope (Figs. 7 and 5 At 
that location, the fracture of the web 
started in a slag pocket in the end of the 
web-splice. A herringbone pattern indi- 
cating the tension cope as the start of 
fracture was in evidence in both the tem 
sion flange and the web. The fracture 
beam 4 was contained in the base metal of 
the web, in the weld metal of the compres- 
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sion flange and in and out of the weld 
metal of the tension flange (Figs. 7 and 8). 
It is interesting to note that although both 
the tension and compression flange-splices 
in beam 4 were incomplete penetration 
welds, the tension flange fracture was con- 
tained for an appreciable distance in the 
base metal, crossing the flange weld ata 
point opposite the cope where the quality 
of the flange weld was very poor and where 
the fracture probably started (Figs. 9 
and 10). 

The purpose of the auxiliary tests on the 
steels from beams 5 and 7 was to supply 
information regarding the temperature 
range at which a change from ductile to 
brittle behavior occurs in the steels. It 
was recognized that even a qualitative 
relationship was lacking between the per- 
formance of small-scale laboratory test 
specimens and full-scale structural mem- 
bers. Consequently, before data obtained 
with the existing laboratory test specimens 
have any practical significance, i.e:, before 
the indicated transition temperatures can 
be used to predict the temperatures at 
which a given welded structure will fail in 
a brittle manner, a correlation must be 
established between the data obtained us- 
ing the small-scale laboratory test speci- 
mens and the performance of the full-scale 
structure. Investigations conducted on 
large structural members such as the flex- 
ural impact tests at Columbia University 
should provide an excellent opportunity 
to establish the necessary correlation. 

The purpose of the auxiliary tests con- 
ducted on the materials of beams 4, P-6 
and 8 was to determine the dual effect of 
low temperature and welding on the per- 
formance of the steels as indicated by 
small-scale weldability tests. Further- 
more, an attempt was made to explain the 
differences in performance among the three 
beams tested in flexural impact at low 
temperature on the basis of such factors 
as weld quality, microstructure and loca- 
tion of the fracture path relative to the 
heat-affected zone. 


Tests and Results 


The auxiliary tests on the steels from 
beams 5 and 7 and the steels from beams 4, 
P-6 and 8 were conducted as two distinct in- 
vestigations. The chemical composition 
of each I-beam was determined and it was 
_IN.R.L. Ltr. Report to the Chief of the 
Bureau of Ships N8-12 (708) 700-43/46 dated 
March 1946, and N.R.L. Ltr. Re epost to the Chief 


of the Bureau of Lg N8-12 (740) 700-182/46, 
dated December 1946. 
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SCRIBED LINES ON A MACRO- 
ETCHED SURFACE LOCATE THE 
NOTCH IN THE BEAD WELD WITH 
THE APEX TOUCHING THE FU- 


Fig. 2—Charpy V-Notched Bar Details 


found that they were semikilled mild 
steel. The possibility that the I-beams 
were from different heats, ingots, blooms 
or widely different locations in the same 
bloom is suggested in that the manufac- 
turer was not able to supply the history 
of the material. This possibility is demon- 
strated by Table 1 which shows the vary- 
ing chemical compositions of the respec- 
tive beams. Greater significance might 
be attached to differences between the 
materials of I-beams 4, P-6 and 8 because 
of the anomalous behavior observed in the 
low temperature tests. Accordingly, the 
ensuing discussion pertains to the micro- 
structure of beams 4, P-6 and 8 and the 
macro-examination of their fractures. 
No further discussion is devoted to the 
steels of beams 5 and 7 except to point 
out that (1) the transition temperatures of 
the steels of beams 5 and 7 were indicated 
by the V-notched Charpy bar to be nearly 
identical (Fig. 5) and (2) the high-con- 
straint nick-bend specimen using the B 
to C type failure method (Fig. 4) for de- 
termining the transition temperature, in- 
dicated the unwelded material of beam 5 
to have a lower transition temperature 
than that of beam 7; while after welding 
the rating was reversed, beam 7 had the 
lower transition temperature (Table 3). 
The differences in chemical composition 
between the beams indicated that beam 
P-6 might be of a different heat from 
beam 4 and 8. The flange and web micro- 


SION LINE 


structure of beams 4, P-6 and 8 was ex. 
amined both in the as-rolled condition and 
in the annealed condition (1650° F.), 
The purpose of the latter was to show the 
extent of banding. The microstructures 
of the flanges were examined in longitu- 
dinal sections taken approximately 1 in 
from the outside edge and a short distance 
from the fractures. The web microstruc- 
ture was examined at a point midway be- 
tween the flanges at the end of the beam 
farthest removed from the application of 
load. A marked variation in microstruc- 
ture was found to exist through the thick- 
ness reflecting the varying amounts of hot 
working which resulted from the forming 
operation. Similar microstructure was 
observed in all beams for the same relative 
locations with respect to thickness. The 
microstructures for the as-rolled condi- 
tions of beams 4 and P-6, as shown in 
Figs. 11 and 12, illustrate the similarity 
that exists between comparable locations 
in all three beams. The photomicrograph 
of the as-rolled condition of the flange of 
beam 8 (Fig. 11) is typical of the structure 
near the center of the thickness while 
those shown for beams 4 and P-6 are typi- 
cal of the structure at the surfaces. 
Specimens for macro-examination were 
taken from beams 4 and 8 to determine 
whether the fracture paths were contained 
in the darkly etching heat-affected zone 
(Fig. 7). It was found that with the ex- 
ception of certain instances where the 
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DESCRIPTION 


TYPICAL 
STRESS STRAIN CURVES 


A PROGRESSIVE FAILURE UNTIL LOAD 
OROPS TO LESS THAN 50% 


GRADUAL DECREASE IN LOAD 
ANGLE INCREASED. 


AS 


2 RAPID PROGRESSIVE FAILURE. 
LOAD DROPS 
FORE ANGLE HAS INGREASED 10° 
BEYOND MAXIMUM LOAD. 


AT LEAST 50% BE- 


Angle of Gand 


PROGRESSIVE FAILURE FOLLOWED 
LOAD DROPS 50%. 


INSTANTANEOUS’ FAILURE CAUSES 
LOAD TO DROP TO NO LESS THAN 
500 POUNDS. 


2 INSTANTANEOUS® FAILURE CAUSES 
LOAD TO DROP TO LESS THAN 
500 POUNDS. 


BY INSTANTANEOUS” FAILURE BEFORE 


lead 


Ange of Band 


10 %. 


INSTANTANEOUS® FAILURE CAUSES 
LOAD TO DROP TO NO LESS THAN 
500 POUNDS. 


| 2 INSTANTANEOUS” FAILURE CAUSES 
LOAD TO DROP TO LESS THAN 
500 POUNDS. 


C INSTANTANEOUS * FAILURE. AT MAx- 
IMUM LOAD. LOAD DROPS AT LEAST 


load 


C2 
Angle of Bend 


*APPRECIABLE DROP IN LOAD WITH NEGLIGIBLE 


Fig. 4—Types of Nic 


fractures were associated with inferior 
quality welding, the fracture paths were 
contained in the base metal of the frac- 
tured beams. Macro-examination of the 
tension flange fracture of beam 4, which at 
the outset appeared to be entirely in the 
weld, showed the fracture surface to be in 
part outside the darkly etching zone (Fig. 
8). X-ray examination of the flange- 
splice butt-welds indicated the quality of 
welding to be very poor with excessive 
slag entrapment and lack of fusion under 
the copes (Fig. 10). 

To compare the effect of low tempera- 
ture on the performance of the steels of 
beams 4, P-6 and 8 before and after weld- 
ig, Charpy V-notched bars and high- 
constraint nick-bend specimens (Figs. 2 
and 3) were prepared from various sec- 
Uons of the three beams and tested over a 
tange of temperatures. Details of the 
beam sectioning and specimen location 
are presented in Fig. 1. All specimens 
were automatically welded at room tem- 
perature using a */,-in. diam. E6010 elec- 
trode at 175 amp., 26 v. and 6 in. per 
minute travel speed. Testing was done 
Over a range of temperature encompassing 
the transition zone using a bath of alcohol 
— dry ice, or water heated electrically. 
a Pope bars were immersed for at 
Tin. at the desired temperature, 
2 immediately placed in position 
anvil of the testing machine and 
Token. An Amsler pendulum-type im- 
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INCREASE IN ANGLE(USUALLY AUDIBLE) 
k-Bend Failures 


pact testing machine of 220 ft.-lb. capac- 
ity was used at a striking velocity of 17.4 
ft./sec. Transition temperature of the 
Charpy bar was taken as that temperature 
at which there appeared the first visual 
indication of brittleness in the fracture. 
The high-constraint nick-bend specimens 
were tested in a jig having a 9-in. span and 
a l-in. radius plunger fastened to a 60,000- 
lb. capacity hydraulic testing machine. 
The specimens were loaded while immersed 


in the temperature bath. The transition 
temperature was taken as that tempera- 
ture at which there was a change from B 
to C type failure (Fig. 4), as indicated 
by automatically recorded loading deflec- 
tion diagrams. 

The transition temperatures of the three 
beams as indicated by the Charpy bar are 
as follows (see Table 2, for complete tabu- 
lation of data): 


First Evidence of Brittleness, Charpy 
V-Notched Bar 


Welded 
Flange, —Unwelded, ° F.— 
I-Beam Flange Web 
4 80 80 —10 
P-6 140 ~ 110 20 
8 80 60 0 


Welding shows no appreciable effect on 
the first evidence of brittleness. There is, 
however, a marked difference between 
beam P-6 and the other beams and be- 
tween the flanges and the webs of all 
beams. The difference in hot working be- 
tween the flange and the web as revealed 
by the microstructure appears to have 
lowered the transition temperature of the 
web. The plots of testing temperature 
versus energy absorbed in fracturing the 
Charpy V-notched bar disclose no*appreci- 
able difference in the notch sensitivity of 
the steels of beams 4 and 8 (Fig. 6). How- 
ever, the plots do show a somewhat lower 
maximum energy absorption in the case of 
beam P-6. At temperatures of —20° F. 
and below, all three steels were identical 
for all practical purposes, in that at sub- 
zero temperatures the unwelded plate 
absorbed less than 10 ft.-lb. in fracturing 
while the weld heat-affected zones of all 
three steels showed a marked improve- 
ment in notch sensitivity (approximately 
40 ft.-lb. energy absorption). 

To determine whether or not previous 
plastic deformation had any effect on the 
Charpy bar performance, the temperature- 
energy curve was plotted from welded 
specimens taken approximately 13 in. 
from the fracture in the compression flange 
and was compered with that obtained from 
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Fig. 5—Charpy V-Notched Bar Transition Temperature Curves 5 and 7 
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Fig. 6—Charpy V-Notched Bar Transition Temperature Curves 


Table 2—-Charpy V-Notch Energy Absorption Data, Ft.-Lb. 
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specimens taken only 3 in. from the frac- 
ture in the tension flange. No appreciable 
difference was found between the two 
curves. Thus, it is possible to compare 
the welded Charpy data of the three 
beams regardless of the location of the 
specimens with respect to the fracture 
paths. 

Table 3 presents the data that were ob- 
tained using the high-constraint nick-bend 
specimen. Unfortunately, there was in- 
sufficient material to conclusively estab- 
lish the transition temperature according 
to the B to C type failure index. How- 
ever, the data do show that welding re- 
sulted in more than a 50% drop-off in the 
work required to bend the welded as com- 
pared to the unwelded specimens. 

The authors are cognizant of the fact 
that they are open to criticism for report- 
ing without adequate discussion the data 
on these high-constraint nick-bend tests. 
By way of explanation, it should be re- 
called that a previous investigation’ at 
this laboratory showed the specimen to be 
useful in evaluating the response of a 
group of steels to welding. Furthermore, 
it was found that the high-constraint nick- 
bend specimen rated the group of steels 
entirely differently from the V-notched 
Charpy bar. At this time the develop- 
ment of the test specimen is not considered 
complete. Therefore, no great significance 
can be attached to these bend data but 
at some future date it is hoped that they 
may be useful in establishing the desired 
correlation between small and large scale 
performance. 


Summary and Conclusions 


Two 16-in. I-beams (Nos. 4 and 8) con- 
taining butt-welded splices at midspan 
and tested at Columbia University in 
flexural impact at low temperature (—40° 
F.) exhibited what appeared to be an 
anomalous behavior in that one beam 
broke in a brittle manner in the base 
metal under a single drop of the tup (V = 
22 ft./sec.), while a second welded beam 
withstood three drops from increasing 
height before failing under the fourth 
drop of the tup (V = 25.4 ft./sec.). An 
additional beam (No. P-6) unwelded and 
tested to determine the effect of the copes 
contained in the welded beams did not 
fail at —40° F. nor did it fail at —62° F.; 
thus, welding rather than the copes was 


‘ indicated to be the cause of the brittle 


failures. 

“Post-mortem” examination at this 
laboratory of the steel contained in beams 
4, P-6 and 8 has disclosed the following in- 
formation: 

1. The chemical composition of beam 
P-6 was slightly different from that of the 
other beams; i.e., it was indicated that 
beam P-§ might have been from a different 
heat of steel. 


2. The microstructure did not reveal 


conclusive evidence as to differences in 
the steel history of beams 4, P-6 and 8. 

3. Macrostructure, visual examination 
and X-ray examination of the flange- 
splice butt-welds of beams 4 and 8 dis- 


a pee: G. G., Hartbower, C. E., Metius, 
Effect 7" Laxar, F. H., “An Investigation of the 
of N ne Welding on the Transition Temperature 

Navy High-Tensile, Low-Alloy Steels,’ Tue 
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closed very poor quality of welding. Slag 
entrapment and lack of fusion at the cen- 
ter of the flanges under the copes were 
such that the purpose of the cope was prac- 
tically defeated. Furthermore, slag en- 
trapment at the end of the web-splice 


Fig. 7—Schematic Sketch of Fracture Path and Location of Macros 
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butt-weld in beam 8 was in evidence. 
The fracture path in the web of this beam, 
which failed at one blow, started in this 
slag pocket in the tension cope. The weld 
quality together with the fact that the 
flange splices in beam 4 were incomplete 
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Fig. 10—Radiographs 
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Table 3—High-Constraint Nick-Bend Data 


I-BEAM TESTING 
SPEC.# TEMP .°F 


MAX. LOAD FAILURE MAX.LOAD 


UNWEL 


A 
ENERGY 
in. lbs. in. lbs. 


E 
MAX.LOAD FAILURE 


WELDED 

A A 
MAX.LOAD ENERGY 
in. lbs. 


in.lbs, 


900 3500 
810 3600 
560 2400 
460 2900 


1030 3700 
860 35050 
1340 3420 
250 2500 


1160 2780 
1390 4070 
700 2900 
380 2800 
280 2300 


penetration welds provides an explanation 
for the weld metal failures in this beam. 

4. Charpy bar data substantiated the 
evidence based on chemical analysis that 
beam P-6 was different from beams 4 
and 8. However, the data provided no 
explanation for the fact that beam P-6 did 
not fracture and beam 4 was able to with- 
stand repeated loading before failure, 
whereas beam 8 failed under the first ap- 
plication of a lesser impact load. Since 
the energy absorbed in fracturing the weld 
heat-affected zone at temperatures in the 
vicinity of —40° F. was found to be ap- 
proximately four times as great as that ab- 
sorbed in fracturing the unaffected base 
metal at that temperature, it might be 
expected that the paths of fracture would 
be contained in the base metal, as was the 
case. It might also have been expected 
on the basis of the Charpy data that beam 
P-6 would fail in a brittle manner at low 
temperature, which, however, was not the 
case. This indicates that the cope alone 
did not constitute as severe a stress-raiser 
as the combination of a defective weld 
and cope. 

The variables introduced by the poor 


quality of welds may provide an explana- 
tion for the inability of beam 8 to sustain 
repeated applications of load before frac- 
turing. However, both beams 4 and 8 
had poor quality welds and, in addition, 
beam 4 which sustained repeated loading 
before fracturing contained incomplete 
penetration welds in the flanges. Thus, 
since both beams had excessive weld dis- 
continuities, it would seem that some ad- 
ditional variable is involved. It has been 
suggested that beam 8 might have been 
particularly susceptible to strain age em- 
brittlement. If, however, beams 4 and 8 
were from the same heat of steel (which is 
not known with certainty), there would 
be no reason to believe that one beam 
should be appreciably more susceptible 
to strain age embrittlement than the other 
unless slight differences in the histories of 
the beams are sufficient to produce the ef- 
fect, or perhaps slight differences in steel 
coming from different parts of the ingot. 
Although such material has been found at 
this laboratory generally to be susceptible 
to strain aging, the variable introduced 
by the poor quality of welding makes it 
inadvisable to carry out any extensive 


tests to determine the influence of strain 
aging on the differences in performance 
between beams 4 and 8. 


Recommendations 


The unfortunate lack of conclusive 
evidence as to whether the beams 4 and 8 
were from the same heat of steel, together 
with the question as to the possible effect 
of strain aging or slight differences in his- 
tory associated with the forming opera- 
tion, indicate that in the future complete 
steel histories should be required before 
materials are accepted for test purposes. 
It is further suggested that the welding 
technique be improved to insure better 
quality welds. An additional improve- 
ment along these lines would be to elim- 
inate the possibility of stress raisers in the 
copes resulting from slag entrapment and 
crater cracks that are inherent at the be 
ginning and end of multipass welds. The 
elimination of such defects could be ac 
complished by using run-out strips, fol- 
lowed by removal of the strips and grind- 
ing the cope to a smooth contour 


LBS. LBS. 

80 6860 28° Al 4700 9600 ---- ---- ---- ---- 

K4 45 ---- oe 7100 15 B2 

eae E4 30 once --- -- ---- ---- 6320 15 B2 

c4 6810 28 B2 1200 6100 eane dean 
H4 -10 7340 28 B2 1030 6300 ---- --4- ---- ---- ---- 
B4 -25 8050 28 c2 530 6300 

j A4 -25 7240 23 c2 570 4600 

DT-5 78 ---- --- ---- ---- 5890 20 Al 

M6 40 ---- --- -- 7440 15 B2 
L6 30 -- ---- 6590 13 B2 

G6 20 ---- ---- 7280 12 B2 

A6 7780 25 B2 850 5800 asco 
H6 -10 7530 27 c2 620 5800 
6 =2 7720 2 2 -<-<-- 
CT#7 72 5900 30 Al ---- ence 

74 6500 2 7 Al 5 420 9500 

G-8 15 ence 6940 12 c2 
c-8 10 7500 29 B2 2300 6900 ---- ---- 
A-8 7840 28 590 5900 esce ---- 

H-8 -10 7400 30 B2 680 6300 

i 
P 

408-s WELDING RESEARCH SUPPLEMENT 


cludes measurements of vibrational characteris- 
tics necessary for the interpretation of the behav- 
ior of beams under impact. The experimental results 
indicate the complexity of the impact phenomena, which 
is generally recognized. 

With the experimental information available, it seemed 
desirable to extend this investigation to include a mathe- 
matical analysis of deflections and strains due to central 
impact in order to check the experimental results and to 
predict the general behavior under impact of beams dif- 
ferent from the particular ones tested. 

The numerical solution of the beam impact problem 
can be obtained by a laborious and delicate procedure 
due to Timoshenko.! 

Solutions of the same problem based upon simplifying 
assumptions have been given, notably by Lennertz, 
Zener and Feshbach, and Lee. The present mathemati- 
cal treatment is subdivided for the purposes of presenta- 
tion to include in: 


sk: presentation in Part I of this investigation in- 


Section I 


An approximate solution of the impact of a mass on a 
beam, following the methods of Zener and Feshbach, 
and Lee, for a generalized type of Hertz approach. This 
solution allows an analysis of the influence of some of the 
parameters of impact on the beam deflection and the 
evaluation of lower and upper bounds for the maximum 
deflection due to multiple impacts with and without 
cushioning. By means of a series of charts given in this 
section, the expressions for the deflections and strains 
can be readily evaluated, as shown in the examples taken 
from some of the cases investigated experimentally. 


Section IT 


An analysis of impact upon systems having a single 
degree of freedom, in which the influence of the shape, 
area and duration of the pressure-time curve on the max- 
imum deflection is studied under various conditions. 
Two new criteria for the determination of the time and 
magnitude of maximum deflection are developed for the 
case of short impacts and some of the simplifying assump- 
tions of Section I are theoretically justified. 


Section ITI 
A solution of the generalized Hertz impact problem 
for an Hertz approach of the type 
a = 


withr > 1, where a is the approach between the striking 


mass and the beam, and f is the force exerted by the 
striking mass on the beam. 


Normalized forces approximating the Hertz normalized 
‘orce are determined for various values of r, which are 
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Part II—A Mathematical Treatment of the 
Generalized Hertz Impact of a Mass on a 


Simply Supported Beam 


By M. G. Salvadori* 
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used in Section I with reference to the Zener and Fesh- 
bach solution of the impact problem. 


Section IV 


An approximate solution of the Hertz approach for 
cylinders, which is used in Section I with reference to the 
beam impact problems of the experimental section. 


Section V 


A modified Lennertz type solution for the generalized 
Hertz impact which may be used in a certain range of 
beam impact problems, within which the experimental 
results of this investigation, however, do not fall. 

These mathematical analyses of the fundamental as- 
pects of impact apply to the investigation of the behavior 
of plain beams as presented in Part I. 


Section I—Approximate Solution of the 
Generalized Hertz Central Impact of a Mass 
on a Simply Supported Beam 


A. Introduction 


1. The problem of the impact of a mass striking a 
beam consists essentially of two parts: (a) the deter- 
mination of the force f(t) exerted by the mass on the beam 
during the impact; and (d) the determination of the de- 
flections and the strains induced in the beam by /f(¢). 

While the second part of the problem is mathemati- 
cally simple and requires a routine application of Fourier 
series, the first part presents great numerical difficulties. 
The solution of the problem, for the case of the mass 
striking the midspan of a simply supported beam, is due 
to Timoshenko,' who gave the integral equation satisfied 
by f(t) under the following assumptions: 


(1) All the assumptions underlying the simple bend- 
ing theory of beams. 

(2) All the assumptions underlying the small vibra- 
tion theory of beams. 

(3) The local strain distribution at the point of im- 
pact follows Hertz’s static law,’ i.e., the period 
of natural vibration of the striking mass is 
small in comparison with the duration of con- 
tact. 

(4) The weight of the striking mass can be neglected 
in comparison with the peak value of f(¢). 

Timoshenko’s equation has been written for the impact 
of a sphere on a beam when the exponent of Hertz’s law 
is equal to ?/3, but a generalized equation can be obtained 


by assuming that the exponent of Hertz’s static law be 
in general equal to '/r. 


Under these assumptions, Timoshenko’s generalized 
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integral equation for f(t) becomes: 


1 t 


1 
4 f(r) sin w,(t — r)dr (1) 


where: 


k[f(t)]'”" is the ‘‘approach’”’ of the striking mass against 
the beam computed according to the general- 
ized Hertz’s law, and usually indicated by a 

k = aconstant depending on the elastic properties 
of the material of the two masses and on 
their geometrical properties at the point of 
contact 

'/r = a fractional exponent, depending upon the elas- 
tic properties of the materials of the two 
masses and on their geometrical properties 
at the point of contact 


vo = velocity of impact of the striking mass relative 
to beam 

t = the time measured from the beginning of im- 
pact 

m = the striking mass 

tT = a variable of integration 

M = reduced mass of beam, equal to half the mass 
of the beam for the case of simple end sup- 
ports 

®, = n*» = angular frequency of the mth natural 


mode of vibration of the beam, w being 
the fundamental angular frequency 

Due to its non-linearity, the rigorous solution of (1) 
requires a long and delicate step-by-step procedure. 

An important contribution to the simplified solution 
of this problem was given by Lennertz,‘* who determined 
the value of f(t) under the following additional assump- 
tions: 

(5) Only the first natural mode of the beam is ex- 

cited by the impact. 

(6) The duration of impact is very short in compari- 

son with the period of the fundamental mode 
of the beam. 


Unfortunately the first additional assumption made by 
Lennertz is not satisfied in many cases of impact and his 
solution often leads to values of the force f(¢) much higher 
than the true values. Lee’ has improved Lennertz’s 
solution and has also shown the limits of validity of this 
type of simplified approach. 

An essential contribution to the problem of impact 
has been given by Zener and Feshbach,® who were able to 
investigate the distribution of energy between the dif- 
ferent modes of vibration of the beam by using the 
principles of conservation of momentum and of energy 
during impact. Their results are approximate, but prac- 
tically independent of the shape of f(t), and lead to an 
approximate solution of the impact problem, given in 
detail by Lee,’ which checks admirably with the step-by- 
step Timoshenko solution for the cases in which this 
solution is known. 

The Zener-Feshbach and Lee solution is based on 
Hertz’s approach of a sphere on a plane: 


a = k[f(t)]”* (2) 


In all the experiments of Part I of this paper, how- 
ever, the striker’s surface is cylindrical and is often in 
contact with a complex “bridge’’ structure, tied to the 
beam for practical reasons, rather than with the beam 
surface. In some experiments, moreover, cushioning 
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materials of different kinds have been interposed between 
the striker and the beam. 

For all these reasons, the approach a does not follow 
the ?/; law in these experiments, and, in order to check 
the experimental results, it was necessary to develop a 
modified Hertz solution of the impact problem compris- 
ing the following steps: 


(1) Derivation of a generalized Hertz impact solution 
based upon a Hertz approach with exponent 
1/r(r > 1). 

(2) Computation of the corresponding Zener- 
Feshbach and Lee solution. 

(3) Derivation of simple deflection and strain formu- 
las from the Zener-Feshbach and Lee solution 
in order to facilitate the engineering computa- 
tions of this type of impact problem. 

(4) Derivation of simple lower and upper bound 
formulas for the maximum deflection due to 
multiple impacts. 


The simplified solution thus obtained allows an inves- 
tigation of the influence of the various parameters of im- 
pact on the maximum deflection of the beam. 

Finally, a generalized Lennertz solution with exponent 
1/r has been given to be used in the cases where Len- 
nertz’s additional assumptions are valid. 

The various approximations used in the solution are 
essentially justified by the results achieved in Section I] 
showing the influence of short pulses on systems with a 
single degree of freedom. In this Section, two new cri- 
teria for the determination of the magnitude and the 
time of maximum deflection are developed and the rela- 
tive importance of the various parameters of impact on 
the maximum deflection is studied quantitatively. 

The results of this approximate solution have been 
checked against the experimental results. The reason- 
able agreement found suggests that the present solution 
may be used in establishing practical criteria for impact 
problems of the present type. 


B. The Zener and Feshbach Solution 


2. It is well known that any symmetrical vibration 
of a simple beam of span /, due to a force f(t) at //2, can 
be expressed by a series :* 


y(x, t) = > an(t) sin x (3) 


where: 


sin > 
Qn(t) = fi sin w,(t — 7)dr (4) 


M being the reduced mass of the beam, and w, the angu: 
lar frequency of the mth mode of vibration. 

The energy contained in the beam at any time / is the 
sum of the kinetic energy Ex: 


f (SY) ax \9 


0 
and the bending strain energy: 
0 


Substituting the series (3) for y(x, ¢) in (5) and (0); 
the expressions for the kinetic and the bending str” 
energies become: 
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8... 


where the prime indicates differentiation with respect to 
t. The total energy contained in the mth mode of vibra- 
tion at any time ¢ is then equal to: 


(a's? + (9) 


Substituting for g,(t), the expression (4), the total energy 
in the beam due to the mth mode at the end of impact (¢ = 
ty) is found to be: 


l | iw 
AF, = (10) 


where : 
i=V-1 


AE, depends on the function f(t) and its evaluation can- 
not be performed rigorously without the knowledge of 


en? = COS W,T + 1 SIN w,T 


fit). 


3. The coefficient of restitution e in impact phenomena 
is defined as the negative ratio of the velocities v, and 
% of a mass m at the beginning and at the end of impact: 


e=-- (11) 


and is positive when the direction of v; is opposite to the 
direction of v. In terms of e the change in momentum 
of the mass m becomes: 


Mg — mv, = + e) (12) 
and the loss in kinetic energy is: 
AE = — = — e*) (13) 


By the principle of impulse and momentum, the change 
in momentum of m must be equal to the impulse of the 
force f(t) during impact: 


te 
mv(1 + e) = (14) 
0 


where / is the impact ‘‘duration.” 

Equation 14 shows that the coefficient of restitution e 
depends exclusively on the area of the pulse f(#) and not 
on its instantaneous values. In terms of a “normalized 
force’ F(t), defined by: 


‘ 


whose impulse between 0 and fy is equal to 1, f(t) becomes: 
f(t) = + e) F(t) (16) 
and Equation 10 can be written: 


2 2 te 2 
AE, = (17) 


0 


The total energy contained in the beam at the end of the 


impact is: 
AE = 2 AE (18) 
n@1,3,5.... 
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Introducing the function R: 


R = M Firje (19) 


0 


the total energy absorbed by the beam at the end of the 
impact becomes: 


AE = '/emvy?(1 + e)?R (20) 


and equating this amount of energy to the loss in kinetic 
energy of the mass m, we find: 


1/smvo?(1 +92 e*) = e)*R 
or: 


4. A rigorous determination of e requires the knowl- 

edge of the contact force f(t) but an approximate evalua- 
tion can be readily obtained as follows: 

In Section II a pulse has been defined as a variable 

positive force which has zero intensity before t = 0 

and after t = &. f(t) is a pulse according to this defini- 


tion and as such is characterized by four essential parame- 
ters: 


(21) 


(a) The area under the force-time graph or impulse. 
(b) The duration bh. 

(c) The shape of the pulse graph. 

(d) The peak value of the force f(t). 


The influence of these parameters on the maximum 
deflection of systems having a single degree of freedom 
has been studied in Section II and the following funda- 
mental conclusions have been reached for pulses of short 
duration, i.e., whose duration is short in comparison 
with the period of the system: 


(1) The shape of the pulse and its duration have little 
influence on the maximum deflection. 

(2) The area of the pulse is the parameter of out- 
standing importance in determining the maxi- 
mum deflection. 


In the range of values for the impact parameters usu- 
ally found in practice, the fundamental mode of the 
beam gives in general the largest contribution to the 
maximum deflection. Extending, therefore, the above 
conclusions to beams under impact, it is seen that the 
use of the normalized force F(t) eliminates the parameter 
to which the motion is most sensitive, since the impulse 
of F(t), whatever its shape, is always equal to unity. The 
shape, the duration and the peak value of F(t) may there- 
fore be roughly estimated without endangering the ac- 
curacy of the results. This is the essential merit of the 
Zener and Feshbach solution. 

The approximate “‘normalized force’ adopted by Zener 
and Feshbach is the normalized Hertz force Fy(t), that 
is, the normalized force developed in the impact of a 
mass m on a beam of infinite mass. The duration 7, 
of the generalized Hertz impact is found to be (see Sec- 


tion ITI): 
r 1 
Tx = A, (22) 
Vo 


where A, is a constant, but the normalized Hertz force 
is not well suited for the computation of the integrals 
appearing in the expression for the function R (Equation 
19). It is therefore convenient to substitute for the ac- 
tual Fy an approximating function of unit impulse which 
lends itself easily to computations. Zener and Feshbach 
have suggested the function: 
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where 7) is a parameter, while Lee has adopted the 
function: 


sin t<T, 

= )2T sin T, 0<t< To (23) 
0 t> To 


The results of Section II show that, for systems with 
a single degree of freedom, a sine pulse gives a maximum 
deflection which represents an average of the deflections 
due to pulse shapes encountered in practice. Moreover, 
a sine pulse is ideally suited to the computations. Ex- 
tending these results to beams under impact, it seems 
justified, for these theoretical and practical reasons, to 
assume as normalized force the sine pulse F,(¢) which 
best approximates the normalized Hertz force Fy/(t). 
The area of the pulse being given and equal to 1, the 
parameter 7) of (23) can be used either to make the dura- 
tion of F, equal to the duration of Fy or to make the 
peak value of F, identical with the peak value of *Fy. 
Remembering that the maximum deflection of the beam 
is rather insensitive to the duration parameter and that 
the actual duration is moreover unknown, it seems ad- 
visable to follow Zener and Feshbach’s suggestion and 
use Ty) to make (Fz) max. equal to (Fy) max.. 

The values of Fy are computed in Section III. 

By equating the maximum value of Fy to the maximum 
value of F,, which is equal to 7/(27>), we find the rela- 
tion between 7) and Ty, and by means of (23) JT) be- 
comes: 


(24) 


where B, is a constant depending on r and given by the 
graph of Fig. 1. 

The values of 7, F;, compare satisfactorily with those 
of TyFy, particularly for the higher values of both 
functions. 

An improvement of this result can be obtained if a 
duration value nearer to the actual duration is substi- 
tuted for Ty. Lee suggests that instead of considering 
the beam as a body of infinite mass, some allowance be 
made for the vibrations of the beam by considering its 
fundamental mode only and by assuming that the dura- 
tion is short in comparison with the fundamental period 


Br 
/ 


(these are the Lennertz assumptions). 

Substituting w(t — r) for sin w(t — 7) and taking only 
the first term of the summation, Timoshenko’s Equation 
1 becomes: . 


= wt (> + 1) f f(r)(t — (25) 


When m = this is Hertz’s equation. It is seen, there- 
fore, that by substituting in (22) an equivalent mass: 

1 1 1 

m M (26) 
a better approximation 7), is obtained for the duration, 
by means of which a better approximation for 7) can be 
computed. 

When the time of impact is very short, its approxi- 
mate value 7) can be improved in the same manner by 
checking whether 7; is small in comparison with the 
period 7, of the second mode. If this is the case, a new 
equivalent mass: 


9 
(26a) 


can be substituted for m in (22). In general, computing 
T;, for an increasing number of modes and stopping at 
the last mode for which 7; is small in comparison with 
T, (period of the mth mode), we can get a close upper 
bound 7, for the duration by using in place of m an 
equivalent mass: 


= mM 


= n-m+M (26b) 


Substituting this value for m in (22), we get: 


B, mR +1 (28 


Substituting the approximate function F, for F in (1%), 
the function R becomes: : 


Qn 
T/T (31 


where: 


| 


and: 
T = w/2r 


is the fundamental period of the beam. . 
Since for Q; — 0 R approaches infinity as Q;~’, it''s 
convenient to set: 


2@1,3,5.... 


and to write: 


_m 
MO 


The function G(Q,) is plotted in Fig. 2 against () 

5. The determination of the approximate contact 
force f(t) to be used in the computation of the deflections 
and strains of the beam can now be summarized as !0l- 
lows: 


R = vA G(Q)) (34 
1 
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(2) Determine T) by means of (28): 


mM 
fom B, + M 


(b) Determine ~/Q; by means of (31): 
VQ = 


(c) Find the value of G(Q;) from the graph of Fig. 2: 


4s / 
Lf 
‘a | 


4 


Fig. 2 
(d) Compute R by means of (34): 
m 
R = 
(e) Compute e by means of (21): 


14+R 


f) Determine f(t) by means of (16), substituting F, 
for F and T>) for the duration: 


mum r(l+e) 5 
f(t) oi T, 5 sin T. (35) 
or: 
ft) = fo sin (36) 
| 0 
where: 
© mio (1 + e) 7 
7) 


C. Deflections and Strains in the Beam 


6. The Deflection Function —The differential equa- 
‘ton of motion of a beam acted upon by a variable dis- 
tnbuted load p(x, #) is:3 


4 YAr _ 
Where : 
EI = the flexural rigidity 
Y = the weight per unit of volume 
A, = the cross-section area 
§ = the acceleration of gravity 
1947 
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The boundary and initial conditions for a simply sup- 
ported beam starting from rest are: 


(a) y(0,t) =0 (6) y(l,t) =0 
(c) ($3) (d) (52) 0 (39) 


where / is the span of the beam. 
The four boundary conditions (a) to (d) are satisfied 
by assuming for y(x, ¢) the series expansion: 


x (40) 


y(x, t) = 


n=1 


Qn(t) sin 


where the q,(¢) are unknown functions of ¢. Expanding 
the load p(x, ¢) in a sine Fourier series for the variable x, 
p(x, t) becomes: 


p(x, t) = p,(t) sin x (41) 


n=1 


1 
p(x, t) sin x dx (41a) 
0 


Substituting (40) and (41) in (38), and equating to zero 
the coefficient of each sin +f, the unknown functions 


where: 


prlt) = 


gn(t) are found to satisfy the following differential equa- 
tions: 


(7) g 
q yA» l q yA), ( 


where the primes indicate differentiation with respect to 
t. 


In the case of this investigation, p(x, t) is a concen- 
trated load f(t) applied at x = 1/2 and from (4la): 


9 
pat) = F sin > f(t) (41b) 
Setting: 
M 


Equation 42 becomes: 


Qn” + = Sin > f(t) (42a) 


and using the Laplace transform with rest initial condi- 
tions (39e-/): 


Q,(s)(s? + w,”) = sin F(s) (42d) 
where Q,(s) and F(s) are the Laplace transforms of g,(t) 
and f(t), respectively. From (426): 


1 nT Wp 


= 


and using the real convolution theorem in connection 
with the inverse Laplace transform: 


nT 

in > 

f(r) sin w,(t — r)dr (44) 
ry 
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The series expansion (40) with the value of g, computed 
by (44) gives the solution of the differential equation of 
the beam with the required boundary and initial condi- 
tions. 

7. In our case, f(t) is given by (36) which, after set- 
ting: 
becomes: 


= fosin M 
t) - 


With this value for f(t), (44) becomes, after integration: 


(46) 


fo sin 


— 


= Sin — w, sin At] (47) 


Mw, 
nT 
fo sin > 


Mo, 


] 


— w,” 


G2.n(t) = 


-[A sin w,f — w, sin 4 + X sin w,(t — Ty) — 
— w, sin A(t — 
t>T> 


Noticing that \7) = m and therefore sin A(t — Ty) = 
—sin \f the expression in parentheses of (48) becomes: 


A[sin w,t + sin w,(t — 


(48) 


and setting: 


t’ t — T,/2 


sin w(t’ + To/2) + sin w,(t’ — To/2) = 


To 
9 
A2 COS w, 9 SIN ¢ 5 


Qz.n(t) therefore becomes: 


fo'sin 

Mu, "2 2 
ts To (49) 


Remembering that: 
A= 


the expressions for qi, , and go, , can be written: 


4fo sin 40,2 


(1 — 


n(t) 


sin m’wt — sin | (50) 


sin n*w (: 2) 


Mw'n? (1 — 4n'Q,?) 
t>T> (51) 


Substituting these expressions for g:,, and ge, in (40), 
the series for the deflection during and after impact be- 
come: 


qe. a(t) 
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Q; sin > 
— 4n'Q,*) 


sin — 


(x, t) = sin — 
t> Tp 


mvo(1 + e) 


M 


It is proved in Section II that, while the maximum de- 
flection and in general the deflection after impact are 
rather insensitive to the shape of the pulse, the deflection 
during impact, however, depends sensibly on its shape. 
It must therefore be remembered that, while the function 
y2 is a reasonable approximation of the deflection after 
impact, y;: cannot be expected in general to give an accurate 
picture of the deflection during impact. 

Both series (52) and (53) are rapidly converging due 
to the high powers of m appearing in the denominator of 
each term. The first few terms will in general give a good 
approximation of y; and yo. 

The deflection at the center of the beam is obtained 
from (52) and (53) by making x = 1/2: 


E sin m*wt — n? sin ral (55) 


o<t<T 
n=1,3,5.... 
(56) 


The evaluation of the deflection after impact is facilitated 
by the use of the graph of Fig. 3, in which the function: 


(54) 


cos 
n*(1 — 4n‘Q,?) 


sin n*w ( 


1(Q,) = (57) 


is plotted against V Q,. 


In order to compute the maximum deflection at //2, 
we set the derivative with respect to ¢ of yo(I/2, t) equal 
to zero: 


(2 x=1/2 


n=1,3, 


I(Q,) cos n*w (: = 0 


This equation is satisfied by: 


2 2 
for which value: 


2 
= T(Qn) 


is negative whenever /((Q,) is much greater than the other 
I(Q,), as is the case in many impact problems. 
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(57) 


at 1/2, 
equal 


= 0) 


1e other 


The maximum of ye(//2) is then given by: 


all 1 
and occurs at a time 
4 9 (59) 


This result is proved to be true in Section II for the case 
of symmetrical pulses acting on systems having a single 
degree of freedom. Whenever the first vibrational mode 
gives the essential contribution to the deflection, and the 
duration of impact is less than the half-period of the sys- 
tem, the beam behaves approximately like a one degree 
system and the maximum center deflection occurs at a 
time given by (59), i.e., when ¢ equals half the duration 
plus one quarter of the fundamental period. 

The computation of the maximum center deflection is 
simplified by the use of the graph of Fig. 4, where the 


function: 
N(Q:) = > 
021,3,5.... 


is plotted against 


By means of this graph, as soon as ~Q; is known 
through Equation 31, N(Q,) can be determined and 
yo(l/2)max, iS given by: 


(60) 


mvo(1 + e) 
(61) 


8. The Strain Function.—Assuming that the relation- 
ships between stress and strain, valid in the case of static 
loading, are not essentially changed by dynamic loading, 
the strain ¢ at a distance c from the neutral axis of the 
beam is given by: 


= max, = 5N(Qi) = 


c 


= - 62 
(62) 
where 1/p is the curvature of the deflected neutral axis of 
the beam: 


* It must be noted that in this formula both N and ¢ depend on Qi. 


p Ox? 


(63) 


Taking the second partial derivative of the deflection 
function y, Equations 52 and 53, it is seen that the strain 
function becomes: 


= — 6c 
Ea sin m*wt — sin sin x (64) 
20; 20; l 
0O<t< Ty, 
@ = — =~ bc sin 
2 (1 4n‘Q,”) 
- sin n*w (: 3) sin (65) 


t> 


The series (64) and (65) can be computed with the help 
of the function J(Q,) (Equation 57), but are not as rap- 
idly convergent as the series for the deflection y, and at 
least five to seven terms must be taken into considera- 
tion to obtain reasonably accurate numerical results. 

The maximum strain at the center of the beam is ob- 
tained from (64) and (65) by making c = —hA/2 (h = 
depth of beam) and x = //2: 


n=1,3,5.... 4n‘Q,’) 
wt 


50, sin n? wt — sin | (66) 
ost<T 


_ wth cos rn*Q, To 


t>To (67) 


(4)2=1/2 = 


2 
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| 
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The greatest value of (e&),-1/2 is obtained when 
To 
t— >) = 7 and is given by: 


_cos 
21? 2=1,3,5.... (1 — 4n‘Q,’) 


or by means of Equation 57: 


_ 
n=1,3,5.. 


(€) = 


(68) 


(€2) max I(n?Q,) (69) 
The computation of (€2)max. is simplified by the use of 
the graph of Fig. 5, where the function: 


sia) = >> 


n=1,3,5.. 


is plotted against ~/Q;. As soon as Q, is determined 
by means of Equation 31, S(Q,) is taken from this graph 
and: 


(70) 


h + e) 
S(Q;)* 


2 


(€2)max. = (71) 
Equation 71 gives the value of the maximum dending 
strain, but it must be noted that the propagation of com- 
pression waves in the beam creates a much more compli- 
cated field of strains than the one assumed in conditions 
of static loading. The strains evaluated from (71) can- 
not be expected in general to give a very accurate picture 
of the actual strains. 


D. Lower and Upper Bounds to the Maximum De- 
flection Due to Repeated Impacts 


In computing the maximum deflection of the beam, the 
possibility of repeated impacts must be considered. 

Lee’ has indicated a rigorous and lengthy procedure 
for the computation of the deflection curve due to re- 
peated impacts, but bounds for the maximum deflection 
can be easily obtained as follows: 

When ¢ is positive and large, the striker rebounds up 
at a large speed and it may be impossible for the beam to 
catch up with it. But even if the beam catches up with 
the striker on the upswing, the second subimpact will 
have no magnifying effect on its maximum deflection 
since the beam will be prevented from reaching its maxi- 
mum upward deflection. The maximum deflection of 
the beam for positive values of e occurs, therefore, during 
or after the first subimpact and before the second. 

For negative values of e (striker still moving down 
after the first impact), the striker may catch up with the 
beam before or after the beam has reached its maximum 
deflection. In the first case, the beam and the striker 
both moving down, the impact is due to the difference 
of their velocities and the corresponding deflection is 
maximum if the striker reaches the beam at the instant 
when the beam is at its lowest level and momentarily at 
rest. 

When the beam hits the striker on the upswing, while 
the striker is still coming down, the impact velocity is 
the sum of the velocity of the striker and the velocity of 
the beam, but the inertia of the beam moving up will neu- 
tralize this increased velocity. 

In conclusion it can be qualitatively stated that for 
negative values of e the greatest maximum deflection 
after the second subimpact occurs, if the striker reaches 
the beam when the beam is at its lowest level due to the 
first subimpact. At this instant the relative velocity of 
the striker is equal to its absolute downward velocity, 


* It must be noted that in this formula both S(Q:) and e depend on Qi. 
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ev, and the increase in deflection due to the second 
subimpact can be computed by means of the formulas 
used for the first subimpact substituting ev) for 7. But, 
inasmuch as the maximum deflection is sensibly propor. 
tional to v, the maximum deflection 6, due to the first 
and second subimpacts can be approximately written: 


< — e) (72) 


where 6; is the maximum deflection due to the first sub- 
impact. 

An absolute bound for the maximum deflection 4,,,,. 
can be easily found by assuming that there is an infinite 
series of subimpacts, all of them taking place when the 
beam is at its lowest position and with the same value 
e of the coefficient of restitution. In this case: 


5(1 +e? —e?+....) 


A * 
73) 
In conclusion, the maximum deflection is certainly 
bound by: 
61 
< max 74) 
<5 (74 


But, noticing that, whenever the second subimpact oc- 
curs on the down swing of the beam, it is very improbable 
that the third should also occur on the.down swing; 
and remembering that the successive subimpacts rap- 
idly decrease in intensity, the maximum deflection can 
also be said to be practically bound by: 


It has been found experimentally that what looks and 
sounds to the naked eye and ear as a single impact is in 
most cases a rapid sequence of short subimpacts. Fol 
lowing this series of subimpacts, the striker bounces off 
the beam for a relatively long time (during which the 
beam vibrates freely) and then strikes the beam again 
with a new series of subimpacts. Due to internal and 
external friction the vibrations of the beam are damped 
rapidly during the interval between the first and the 
second impact and the striker finds the beam practically 
at rest in the second series of subimpacts. Since the 
striker has less energy during the second impact than 
during the first, the second impact cannot produce 4 
deflection larger than the first. 

Equation 75 gives therefore a practical bound to the 
maximum deflection for all cases of repeated impacts. 


* A more refined bound can be obtained by computing the new value of ¢ 
after each subimpact, instead of assuming that ¢ remains constant, but it 1s not 
felt that this rough evaluation of émax. warrants the additional labor involved 
This approximation, moreover, is on the safe side, since from (28), al! other 
parameters remaining constant: 


Te = cv 
and therefore the second time of impact becomes: 
r—l1 
To’ = cleve) r+1 = Toe r+t 
from which the new value of ~/ Q: becomes: 
r—1 
VO! = VOe 
and the new value of R becomes: 
r—l 


MVJ/Q’i M VO 


since G(Q:) remains practically constant in the range of Q: for which the metho" 
is usually applied. But, 7 being larger than o — 1)/2(r + 1) is always Po 


tive and less than”!/2, and since lel <1, e2 +1) is always less than | There- 
for R’ < Rande’ = isk is less than ¢, whenever ¢ and ¢’ are negative 
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ond E. Influence of the Parameters of Impact on the 


ulas Maximum Deflection (78) 

But, - 

por- The maximum deflection of the beam depends upon the The numerical constant b, appearing in (77) depends 

first © following parameters of impact: on r and on the other factors of impact and has the 

ten: (1) The Hertz coefficient k and exponent 1/r. following values for r = 1 and r = 2: 

2) 5 (2) The fundamental angular frequency of the beam nae =n 

sub- (3) The beam spring constant /*/E/. (79) 
3 (4) The reduced mass of the beam M. ab po 

(5) The velocity of impact v. 24/2 — [1 + 

inite (6) The striking mass ust b, = G - 

ithe 7 In order to get an approximate evaluation of the in- (80) 

value [9 fluence of these factors, it may be noticed that, for the 
usual cases of impact, the parameter +/ Q, of Zener and 
" Feshbach is less than 0.5 and that, as shown in Section The graphs of Figs. 6 and 7 give the behavior of 1/ ” w i 


\, for values of V0; between 0.3 and 0.5, a Lennertz as function of the ratios: 
type solution is often valid. 


We shall assume therefore that: hk, 
ainly 0< VO < 0.3 (76) . i| 
} and notice that for this range of values ae 
Ix. ‘respectively (i.e., of the ratio of the beam spring constant 
74) 3 (a) The function G(V Qi) is constant within about to an equivalent spring constant of the striker), and of é 
Vo: ; t= the ratio u. By means of these graphs the maximum 
t oc- (}) The function N( VQ:) is constant within about deflection can be immediately evaluated and the follow- 
obable 8%. ing fundamental results can be obtained: 
wing; [i Calling G and WN these average values and substituting (a) Since v appears in b, at the power '/, and does i 
Tap’ them in the expression for the maximum deflection not appear in },, the maximum deflection for - 
n can (Equation 61), the maximum deflection takes the form: values of r between 1 and 2 may be considered . 
roughly proportional to vp. 
a 4 = N- Se (77) This result is checked by the experimental de- . 
flections obtained under various impact veloci- 
} where: ties on the same beam. 
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(b) The maximum deflection decreases with the 

ratio yu, and for small values of k,/k, (R,/k; < 1) 

m 

is roughly proportional to u ( = a). 

(c) The maximum deflection decreases for increasing 
values of k,/k;. 

For small values of r(r = 1), 5; decreases rapidly 

for large values of yu, slowly for small values of 

u. For large values of r(r = 2), 5, decreases 

approximately at the same rate for all values of 


(d) It is practically impossible to separate the in- 
fluence of each impact parameter on the de- 
flection. 


The graphs of Figs. 6 and 7 can be used to de- 
termine case by case this influence by numeri- 
cal interpolation. 


F. Numerical Examples 


In order to check the preceding theory against actual 
experimental results, the maximum displacement and 
strain at the middle of the beam have been computed for 
three of the experiments of Part I of this investigation. 

(a) In the first experiment, a striker of weight 1014 
Ib. limited by a cylindrical surface of radius R = 3 in., 
was dropped from a height of 1 ft. on a 14-ft. 16WF 
structural steel beam of weight 71 lb./ft. The beam was 
supported over a 12-ft. span and tied to the supports in 
order to prevent rebounds, but was free to rotate. A 
4 x 4-in. steel plate was welded to the top flange of the 
beam so that the striker was in contact with the beam 
over a length = 4 in. 

By means of Equation 22a of Section IV, the Hertz 
approach of the striker on the beam becomes: 
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kp 


7 


_ 2R ,l- 
«= 811 | 10 


8%3 1 — 0.3? 
3.14 X 30 10° X 4 X 3° 


= 1.976 X 1077 X fin. 


8.11 


The mass of the striker is: 


$83 X13 


= 2.62 Ib. in. sec.” 


The beam should be considered as simply supported over 
a span of 12 ft., but the support ties, the lack of a mov- 
able support at one end and the 1-ft. overhangs on both 
ends, make this ideal condition substantially different 
from the actual condition. While the computed funda- 
mental frequency of vibration for a 12-ft. simply sup- 
ported beam would be equal to 102.5 cycles/sec., actual 
experiments have shown that the frequency is 95 cycles 
sec. 

In order to apply the theory to the actual conditious 
of the beam, the mass of the beam has been computed 
as the mass of a beam simply supported over a 121t. 
span and vibrating with a frequency of 95 cycles se. 
(w = 597 rad./sec.). In this manner the reduced mass - 
(half the mass of the beam) is found to be: 


M = 1.29 Ib. in. sec.? 


With these data T) is computed by means of Equation 


24 of Section I: ‘ 
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1000 


fed over 
mov- 
on both 
Jifferent 
1 funda- 
ply sup- 
actual 
) cycles 


ynditioas 
omputed 
rcles/ sec. 
1 mass M 


Equati 


3.27 Ee (1.976 X 10-7)!-16 x 


2.62 + 1.29 


= 0.000547 sec. 
Since the fundamental period of the beam is: 
1 
T= 95 = 0.0105 sec. 


the equivalent mass m, (Equation 260, Section I), in the 
expression for To, is computed with m = 1, since Ty is 
small in comparison with 7, but not in comparison with 
T>. 
The parameter Q, has the value: 
To _ 0.000547 


from which: 
VQ: = 0.228 
From the graph of Fig. 2, Section I: 
G(Q;) = 0.379 
and by means of Equations 29 and 21, Section I: 
G(Q:) _ 2.62 X 0.379 
M~/Q, 1.29 X 0.228 
1-337 
14337 
From the graph of Fig. 4, Section I: 
N(Q:) = 1.09 


and finally from Equation 61, Section I, the maximum 
deflection after the first impact becomes: 


= 

2.62 XK 96.3 & (1 — 0.542) 
1.29 X 597 

This deflection occurs at a time: 


3.37 


—0.542 


X 1.09 = 0.164 in. 


To T 
t= +7 = 0.008 sec. 


Frota the graph of the center deflection of the beam ob- 
tained experimentally, it may be seen that the deflection 
reaches a first maximum at about ¢ = 0.004 sec., de- 
creases and reaches its largest value at ¢ = 0.006 sec. 
lnterpreting the first maximum as the result of the first 
impact, its value of 0.19 in. compares favorably with the 
theoretical result 6; = 0.164 in. 

The negative value of the coefficient of restitution 
implies the existence of subimpacts. A practical upper 
bound to the maximum deflection is then given by Equa- 
tion 75 of Section I: 


Suez. < e) 
< 0.164(1 + 0.542) = 0.253 in. 


€ experimental average maximum deflection is equal 
0U.2 in. 

By means of the graph of Fig. 5, Section I, the value 
*t S(Q,) is found to be 1.9 and by means of Equation 71, 
‘ection I, the maximum strain at the center section of 
the beam after the first impact becomes: 


7h 
a= 


_ 9.87 X 16 X 0.164 x 1.9 
2X (144)? 


= 0,0012 
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while an upper bound to the strain is given by: 
€max. = e) 
< 0.0012(1 + 0.542) = 0.00185 


The average maximum experimental strain is 0.00088. 

(6) In the second experiment, the striker used in 
experiment (a) is not dropped directly on the beam but 
on a “‘bridge’’ structure straddling the center section of 
the beam and consisting essentially of a steel plate 3 in. 
thick, and 8*/, in. long, supported by 2 half-cylinders of 
radius 2 in., 7'/2 in. apart. 

The approach of the striker consists of three parts: 
(1) the approach a, of the striker on the bridge plate; 
(2) the deflection a, of the plate; (3) the approach as 
of the cylindrical supports on the beam. 

By means of Equation 22a, Section IV, a becomes: 


2X 3 X 8.11 | 10*(1 — 0.3?) 
a= f 


104 3.14 X 30 K 10° X 8.75 K 3 
1.006 X 10-7 

Considering the steel plate as a simply supported beam, 
its deflection is equal to: 

6 = 0.149 X 10-"f 

In order to be able to add 6 to a and ay, its graph 

has been substituted by a graph of the type: 6 = 

kf'/**, where k is determined so as to give the same 

value of 6 as the computed value, for f = 300,000 Ib. 


(the highest value of f developed during impact). In 
this manner a, becomes: 


ay = 0.849 


By means of Equation 22a, Section IV, with 6 = 8.54 
in. (width of the beam flange) and f substituted by f/2, 
as becomes: 


2X 2X 8.11 | — 0.3?) 
10* 3.14 X 30 XK 10° K 8.54 K 2 2 

0.535 & 

The total approach a is therefore: 

a= + + as = 2.39 


In order to take into consideration the mass of the 
““‘bridge’’ structure, the mass of the beam has been again 
computed as the mass of a beam simply supported over 
a 12-ft. span with a frequency of 72 cycles/sec. (w = 
452 rad./sec.) taken from the oscillogram of the free 
vibrations of the system. The reduced mass is thus 


ag = 


equal to: 
M = 2.24 Ib. in. sec.’ 
and: 
2 99 
m, = mM 282 = 1,21 Ib. in. sec.” 


m+M 2.62 + 2.24 
With these data: 


Te = 3.27X 
X [1.21 (2.39 K K (96.3) 
= 0.000707 sec. 
= = 0.000707 X 72 = 0.0509 
V0; = (0.226 
G(Q;) = 0.379 
2.62 X 3.79 _ 
N(Qi) = 1.09 
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2.62 X 96.3 & (1 — 0.324) in . 
i = 224 X 452 X 1.09 = 0.184 in. 


< 0.184(1 + 0.324) 0.244 in. 
The average experimental deflection is equal to 0.17 in. 
The strain after the first impact is equal to: 


_ 9.87 X 16 X 0.184 


a= X 19 = 0.0018 


and an upper bound for the strain is: 
Emax. S 4(1 — e) = 0.0013(1 + 0.324) = 0.0017 
The average experimental strain is 0.0008. 


(c) In the third experiment a block of rubber was 


interposed between the striker and the beam. 


In order to evaluate the approach of the striker, a 


static test was run covering the range of rubber deflec- 
tions measured in the drop tests. It was found that the 
approach curve could be empirically fitted by the for- 
mula: 


a = 0.00632f'/ 
Using an equivalent mass m, for the striker: 
0.864 Ib. in. sec, 
we find: 
To = 2.40[0.864 X (0.00632)? (96.3)—1]'”* 
= 0.017 sec. 
0.0170 
~ +45 
VO, = 1.271 
G(Qi) 
— = .0014 
V0: 
2.62 
R = [29 X 0.0014 = 0.0028 


It will be noticed that, since 7) is longer than T, the 
maximum deflection will occur during impact. From 
Equation 55 Section I, giving the deflection during im- 
pact, it is found that for values of Q; greater than 1.5, 
the contribution of the first term of the series is by far 
the largest and that the deflection function therefore 
becomes: 


mvo(1 + e) Ee 
402 | 20, wt — sin 20; | 


The maximum value of y, occurs when: 


cos wh = cos =~ i 


20; 
or, in the present example, when: 
cos 597t = cos 185t 


i.e., at ¢ = 0.008 sec. 
The value of the maximum deflection is then: 


5, = 2:82 X 96.3 X (1 + 0.994) * 1.615 * 
1.29 597 —9.43 


[0.310 sin (597 X 0.008) — sin (185 X 0.008)] 


= 0.146 in. 
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The equivalent mass m, gives a better approximation for 
T) when 7) < T. In the present case, 7) is larger than 
T and a more plausible value of 6 may be obtained by 
using m for m,. 

In this manner we obtain: 


T, = 2.40[2.62 X (0.00632)? (96.3)—]'”* = 
0.0247 sec. 
0.0247 


VO, = 1.53 
GQ) _ 9.000464 


V0: 
2.62 

R = 55 X 0.000464 = 0.000942 
1 — 0.000942 

= T+ 0.000942 ~ 9-998 


and the expression for y,, considering the first term of the 
series only, becomes: 


2.62 X 96.3 X (1 + 0.998) 


ni) = 1.29 X 597 
(0-213 sin — sin 1271 


The maximum value of y; occurs at tf = 0.0087 sec. and 
is equal to: 


6; = 0.0782 in. 


The large positive values of e makes the occurrence of 
large subimpacts practically impossible. 

The deflection during impact is known to be sensitive 
not only to the area under the pulse but to its shape. 
The two values obtained for 6, show that 6; is very sensi- 
tive to 7», i.e., to the equivalent mass m,, but are both 
substantially smaller than the values obtained for the 
direct impact of the striker on the beam. The average 
experimental value obtained is 0.127 in. (Fig. 20, Part 1). 


Conclusions 


Any theoretical solution of a physical problem is based 
upon some ideal assumptions that are not completely 
satisfied in the actual physical situation. It may be 
well to reiterate here the more important discrepancies 
between the theory and the experiments: 


(1) The beams were not actually simply supported 
and the supports did not lie along the middle axis of the 
beam. 

(2) The beams were not “thin beams,” the ratio of 
depth to span being equal to 1/5. 

(3) The cross section of the beam consisted of various 
thin sections. 

(4) The stresses developed during the impact were 
locally above the yield point. 

(5) The approach laws used were of an approximate 
nature, 


Notwithstanding these discrepancies, the theoretical 
results predict the main-features of the phenomenon 0m 4 
quantitative basis. It is therefore to be hoped that )) 
their use more accurate information may be obtained - 
the very complicated phenomenon of beam impact aie 
that eventually new criteria may be developed for the de- 
termination of dynamic safety factors in structural emg! 
neering. 
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Section II—Impact on Systems with a Single 
Degree of Freedom 


A. Criteria for Magnitude and Time of Maximum 
Deflection for Short Pulses 


It is the aim of the first part of this investigation to 
study the deflections of systems with one degree of free- 
dom acted upon by short, variable, non-negative forces 
(pulses), and to derive two criteria of simple application 
for the determination of the magnitude and the time of 
maximum deflection when the duration of the pulse is 
short in comparison with the period of the system. 
Such pulses play an important role in impact phenomena. 


1. Definition of the Problem 


We shall call pulse a variable force f(t) which satis- 
fies the following requirements: 


(a) The force f(t) is zero before t = 0 and after t = 

to, to being the duration of the pulse. 
(b) The force f(t) is always greater than zero in the 

interval 0 < t < t (Fig. 8). 

Area of Pulse = Pyt 
f (t) 
0 ty 
Fig. 8 

(c) The area under the force-time graph will be called 


the magnitude of the impulse and its value will 
be taken equal to Pof, where: 


rd 


A single degree of freedom can be represented by a mass 
hanging from a spring of spring constant k (Fig. 9). 


(1) 


Fig. 9 


We shall assume that at time ¢ = 0 the system has zero 
cnergy (1.e., the origin of the downward displacement y 
is taken in the position of static equilibrium) and that 
at! = 0 a pulse is applied to the body m. 

We wish to compute the maximum absolute displace- 
nent of m from its equilibrium position. 


2. Maximum Displacement 


The differential equation of motion of the system is: 


d*y 
ma, + ky = fil) (2) 
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w? = 
m 
d’y 
aa t wy = — f(t) (3) 
The initial conditions are: 
~ 4 
yo) -0 


Calling Y(s) and F(s) the Laplace transforms of y(t) and 
f(t) respectively, the transform of Equation 3 with con- 
ditions (4) becomes: 


Y(s)(s? + w?) = ‘ F(s) 
m 
from which 


1 
s+ 


Remembering that the Laplace transforms of sin wf is 


F(s) (5) 

Gao and that the operation of multiplication in the 


complex field goes into the operation of convolution in 
the real field when the inverse Laplace transform is used, 
we get from (5): 


t 
y(t) = i f(r) sin w (t — r)dr 


0 


(6) 


To make the expression for y independent of w a change 
of variable of integration is introduced as follows. Call- 
ing 7 the natural period of oscillation of the system: 


2 
the angular variables: 
t T 
= 2 = = —« == 
6 = w; wy 2a T WT 


are introduced in (6): 


=> 


(7) 
mw~ 


where = f(wr) 

To find the time ¢; of maximum displacement we equate 

to zero the derivative of y with respect to the time. 
d 

Noticing that =e 5 and setting 6; = wt, (angle of 


maximum displacement), the condition for 6, becomes: 


[ow cos (6, — y)dy = 0 


0 


(S) 


Condition (8) is a transcendental equation for the un- 
known @,. As soon as the value of 6, is determined from 
(8), the maximum displacement is given by (7) with 
6 = 6, that is by: 


Vmax. = if ¢g(y) sin (0, — 


0 


(9) 


Equation § has a simple geometric interpretation. Re- 
membering that all the functions used in connection with 
the Laplace transform method must be identically zero 
to the left of the origin, it is seen that the function under 
the integral sign of Equation 8 is obtained as follows: 
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(a) Fold the cosine graph around the y axis and cut 
the graph at the origin to obtain cos (—y) (we shall call 
this graph the folded cosine graph) (Fig. 10). 

(6) Translate the folded cosine graph to the right up 
to y = 6, to obtain cos (@,; — y) (Fig. 11). 

(c) Multiply the ordinates of the g graph by the cor- 
responding ordinates of the folded cosine graph (Fig. 12) 
to obtain g(W) cos (6: — Y). The area under this function 
between zero and @, will be zero. 

A similar geometrical interpretation of Equation 9 
leads to the following criteria for the determination of 
the time and value of maximum displacement: 

Criterion I—To find 6,, translate over the ¢ graph the 
folded cosine graph until the area under the product of the 
two graphs between zero and the right end of the folded co- 
sine graph is zero. 0, is the abscissa reached by the right 
end of the folded cosine graph (Fig. 13). 


cos (-¥) 


Fig. 10—Folded Cosine Graph 


cos(e,-¥) ~ 


cos 


Fig. 12 


folded cosine 


Fig. 13 


Criterion II—To compute the maximum displacement, 
translate the folded sine graph (cut at the origin) over the 
¢ graph up to ~ = 6, compute the area under the product 
of these two graphs between zero and 6, and divide by k 
(Fig. 14). 


3. Short Symmetrical Pulse 


A pulse will be called symmetrical if its graph is sym- 
metrical about @ = 6/2 (where 6 = wf) is the angular 
duration); antisymmetrical if its graph has equal or- 
dinates of opposite sign symmetrically placed about 
6 = 6/2. Taking the origin at 0/2 the function ¢ is 
even in the first case, odd in the second. Any pulse 
¢g can be considered as the sum of a symmetrical com- 
ponent ¢, and an anti-symmetrical component g,. 
Whatever the shape of a pulse, it will be noticed that 4, 


must be greater than 5. since up to @, = ; the folded co- 


sine graph is positive and the product of the folded co- 
sine and the ¢ graph will be positive, making it impossible 
for the integral (8) to become zero. 


folded sine 


Let us now consider a symmetrical pulse whose dura- 
tion is less than mw (Fig. 15). 

It is immediately seen that to obtain a zero area under 
the folded cosine X¢(@) graph, the zero point of the 
folded cosine graph must fall at /2, since for #, < 7 
the folded cosine is anti-symmetrical about its zero point. 

It is thus proved that: Whatever the shape of a sym- 


metrical pulse, if its 0 < m, tts 6 = —. In other 


words, the time t, of maximum displacement of a symmetri- 
cal pulse is equal to half its duration plus one quarter of the 
period, provided the duration be less than half the period. 
Since the shortest possible duration is zero (the pulse 
is then called an impulse), we find that for a symmetrical 
pulse of angular duration less than 7, 4; always lies be- 


tween and z. Moreover, when < 7, since = 


6 
0 4 is always less than 6, that is, for a symmet rical 


2+ > 
pulse of angular duration less than x, the maximum d1s- 
placement always takes place after the end of the pulse. 


In this case the expression (9) for the maximum dis 
placement can be written explicitly, substituting ~~, 


for 6, and changing the upper limit of integration to % 
since between 4 and 6, the function ¢ is zero. Henrice 


For 0) <4 Ymax. = if cos (5 v (10 


where ¢, means a symmetrical pulse function. 
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6 
Shifting the origin to > the integral becomes: 


2 2 
For <f Yuax. = Ys (v + *) cos ydy (11) 
0 


and its value can be found (Fig. 16) by integrating the 
area under the product of the cosine graph and the pulse 
graph between 0 and 4 and multiplying by . 


The integration can easily be performed graphically 
or numerically (by Simpson’s Rule) in the case of a 
complicated pulse whose equation is unknown. 


Fig. 16 


4. Short Non-Symmetrical Pulses 


The properties of symmetrical pulses can be extended 
to non-symmetrical pulses, provided the general shape of 
the pulse and its duration be limited. 

We shall assume that the anti-symmetrical component 
of a non-symmetrical pulse does not change sign to the 
left (and therefore to the right) of @/2. The anti- 
symmetrical component will be either always positive 
or always negative to the left of #/2. In thé first case 


(Fig. 17), for 6 < x, translating the folded cosine up to 
A 
e+ 5 makes the area under the symmetrical component 


zero and the area under the anti-symmetrical component 
negative, giving altogether a negative area. 


Since a translation up to 3 gives a positive area and 


the area is a continuous function of the shifting angle, the 


value 6, of 6 for which the area becomes zero must be 
that: 


H+ 


When the anti-symmetrical component of a pulse of dura- 


tion 8 < x is positive to the left of %, 6 és less than ae 
The angle 6; can be written as: 
£25, (12) 


9% 


2 
> = When the anti-symmetric component of the 


where ¢ is a positive angle less than =, since % < 7 and 


2 
translation of the folded cosine up to : + ; makes the 


pulse is positive to the right of and < = (Fig.18), a 


area under the symmetrical component zero and the area 
under the anti-symmetrical component positive. 


Since a translation up to= + 6 (< 2) makes both areas 
obviously non-positive, the total area must become zero 
6 
for 6; between + and 6) + 


2 2 
In other words, when the anti-symmetrical component of 


> < . is positive to the right of > 6, is 


The angle @; can now be written as: 


a pulse duration 


greater than 


(13) 
5 in both cases of asym- 


where € is a positive angle less than 
If we limit % to be less than 


metry, 9; will always be greater than 4 since 6, > x : 


us 


For all pulses of duration % < 2 


placement takes place after the end of the pulse. 
Shifting the origin to the zero point of the folded co- 
sine, the maximum displacement is then given by: 


For < = Vmax. = e(v cos dy 

(14) 


* The limitation # < # is required by the fact that for 4 > * the folded 
cosine graph is not anti-symmetrical. 


, the maximum dis- 


bo 


folded cosine folded cosine 


+ 9 
0 


NON- SYMMETRICAL 
PULSE 


Fig. 17 
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folded cosine 
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Fig. 18 


where the upper signs hold for ¢g, positive to the right of 


5 and the lower signs hold for ¢, positive to the left of 


Vmax. Can be computed numerically or graphically 


as soon as ¢ is known. 
Noticing that since # < 6, and ¢ is zero for y > 4, 
the upper limit of the integral (14) can be changed to 


6, Equation 8 becomes: 


0 


= (15) 
sin ydy 


0 


2 


For < =tan 6; = 


and allows the evaluation of @, directly without trial and 
error computations. Once 6; is known, formulas (12) or 
(13) give e. 

If two pulses have identical symmetrical components 
and opposite anti-symmetrical components, their e’s are 
equal, since the same angle by which the folded cosine 


must be shifted to the right of a 


in the first case, must be used to shift the folded cosine 


to the left of =a2 in the second case (Fig. 19). 


to get a zero area 


From Fig. 20, which gives the graphical interpretation 
of Equation 14 for the maximum displacement, it is seen 


that the areas under the product graph dv + * we) cos 


are then identical, since the same ordinates of ¢ are 
multiplied by the same ordinates of the cosine curve. 

2 
components and opposite anti-symmetrical components 
produce the same maximum displacements. 

These few general conclusions prove that the geometri- 
cal interpretation of the convolution integrals for the 
time and value of maximum displacement is particularly 
useful to the engineer in so far as it allows a visualization 
- of the required solution. 


Pulses with duration 0 < = having identical symmetrical 


B. Influence of Shape, Area and Duration of the 
Pulse on the Maximum Deflection 


1. It is the aim of the second part of this investiga- 
tion to examine the influence of the three fundamental 
parameters of a pulse on the maximum displacement: 


' (a) The shape of the pulse; 
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+ 


'o 80 
2 ° 


folded cosine 


folded cosine 


Fig. 19 


° 


Fig. 20 


(6) The area of the pulse, i.e. its magnitude; 
(c) The duration of the pulse. 


2. Influence of Shape of Pulse.—The equation of mo- 
tion y(t) both during and after the pulse duration has 
been determined for pulses of various shapes having the 
same area Polo and the same duration 4. The shapes 
have been selected keeping in mind that the pulses are 
due to impacts. Using the results of Part A of this 
section, the maximum deflection has been determined 
explicitly. 

In the following formulas: 


P. 
6, = static deflection = 
mw k 
6 = wt 
= why 
Case A.—Impulse 
Poto y = 6% sin a>0 
t Vmax. = 6, 
° 
Fig. 21 
Case B.—Quadratic cusp | 
te to 
2 
Fig. 22 
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= 1 
5, cos 1+ 5 (@ A)? + 
5, cos 6 + @ Sin (6 bs ads, (6 — sin ah 
cos (0 — | % <8 : 
5, [a(@ — @) (1 a) sin + 
_ 48/% |. & 9 sin (@ — afy)] 
Vmax. 2 — 2 ay < 6 < A 
2 
— ae, (0 — — (1 — a) sind — 
Case C-—Cubic pulse sin (6 — 
2 f(t) A < A 
(ft) = 12P, 4)" \ 
0 i t 
1 
O<t<t be ate a+t0, at 
a(l — 
| [(6 — 6%) sin + — cos #) + ah — acosh — (1 — a) 


Case D.—Symmetrical triangular pulse 


Fig. 24 


2 
— 5; (1 — cos 
0 


Case E—.Asymmetrical triangular pulse 


6° — 2662 — (6 — 62)6] b = asin & — sin aby 


For a = 0 
[(6 — 6?) sin — 46 cos — 9 
0 
6 sin (6 — 6) — 2% cos (0 — &)] 4, [sin — 60 cos 6] OS % 
<6 
6, — [sin 6 — sin (0 — 6) — & cos 6] % <8 
12 
Vmax. = é, 6,3 Va? b? 
0 


Vmax. = 5, 


V/a? + 


II 


— cos 8) 26 sin 4 


a= 1 — cos & 


b= +4%+ 6sin — 28) COs 


b = sin & — & 


Case F.—Sinusoidal pulse 


Fig. 26 
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Case G.—Quadratic pulse 


(t) 


Fig. 27 


f(t) = ap, 0<t<h 
0 


[2(cos — 1) — — sin 6) + 6°]. 
0 


values of M against % for the different shapes of pulses 
are plotted in Fig. 29. The figure shows that: 


(a) For short values of the duration the shape of the 
pulse has relatively little influence on the mag- 
nifier ; 

(6) The ymax. is influenced by the “‘flatness’’ of the 
pulse, the flatter the pulse the smaller the 
Vmax. ; 

(c) The sine pulse represents a good average of all 
the cases considered. It is therefore advisable 
to assume a sine pulse whenever the shape of 
the pulse is unknown; 

(d) If a sinusoidal pulse is assumed, the maximum 
and minimum percentages of error (which oc- 
cur for the impulse and the rectangular pulse 
respectively) are: 


A 30° 60° 90° 180° 
€max. —0.65 — 2.64 —6.07 — 21.46 
€min, +0.49 +1.99 +4.51 +18.94 


Since all pulses obtainable in practice must lie between 
the impulse and the rectangular pulse, the table proves 
that for all practical purposes an unknown pulse can be 
assumed to be sinusoidal provided the angular duration is 


less than 60°. Fora given allowable error the maximum 
weed 6 allowable duration can be derived from Fig. 29. 
4 5, =; [2(cos @ — cos (8 — %)) + % (sin 6 + The ymax. has thus been proved rather insensitive to the 
9p : shape of the pulse, but it must be noticed that the curve 
sin (9 — 6))] y(t) may well be very sensitive to it for t <t. Asa 
% < 0 check, Fig. 30 gives the graphs of y(t) for the quadratic 
3) 
Case H.—Rectangular pulse | 
- | 
7 NBS 
| SNe 
5,[cos (@ — %) — cos? <8 = 4 E (x=0) 
Vmax, = 5, 2 sin > pe 
3. In order to study the influence #55 20 40 460 #60 100 120 #4140 «160 180 
of the shape of the pulse on ymax. for a al 
various values of the angular duration ° it tained 
6) and for a constant value of the area Fig. 29 


of the pulse, the magnitude of the 

pulse was taken to be constant and 

the value of the force Py) was taken inversely propor- 
tional to 6: 


In the preceding formulas was substituted for 
and finally the dynamic magnifier M: 


Yoox. _ Vmax. ( 


was obtained for values of 6 between 0 and 180°. 


Me 


The 
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cusp pulse, the sinusoidal and the rectangular pulses 0! 
duration 30°. The three curves are substantially differ- 
ent in this interval, while they reach practically the same 
maximum value. 


4. Influence of the Area of the Pulse 


If in the formulas for ymer, of No. 2, % is maintained 
constant while P, is increased, 5, and therefore yass. Will 
increase as Py. In other words the maximum displace- 
ment is proportional to the area of the pulse for consian! 
value of the duration and for the same shape of pulse. 


5. Influence of the Duration of the Pulse 
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The influence of the duration of the pulse can be de- 
rived from the graphs of Fig. 29 or from the formulas of 
No. 2 for Ymax.. The dynamic magnifier M is given there 
as a function of 4: 


M = f(%) 


The change in M due to a small change in % is therefore 
equal to: 


AM Ad, = (00) AG, 


and the percentage of change in M is equal to: 


For the impulse « = 0 
For the sinusoidal pulse: 


265 
= —100 E tan 3 Abo 


For the rectangular pulse: 


= 100 E 
The following Table 1 gives the values of the errors ¢, 


Aé 

and ¢, in percentage for — equal 10%, at various values 
0 

of 


Table | 
6 30° 60° 90° 
ts 0.13 0.52 1.19 
0.23 1.82 2.15 


This table shows that the duration has relatively little 


influence on Ymax. provided the area of the pulse remains 
unchanged. 
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" Table 2 gives the maximum percentage of error in the 
duration (100 a of a sine pulse which will make the 
0 


percentage of error in Vmax. less than 5%: 


Table 2 
69 30° 60° 90° 


100 a 380 95 42 
0 


This table shows that for a sine pulse, a knowledge of the 
exact value of the duration is completely unnecessary 
for the accurate determination of Ymax.. 


SECTION IlI—The Hertz Generalized Impact 


1. It has been proved by Hertz that the approach be- 
tween the centers of two spheres pressed one against the 
other by a force fy is equal to: 

kfy’/* (1) 
where is a constant depending on the radii of curvature 
of the spheres and the elastic properties of their materials. 

Hertz has also solved the problem of the impact of two 
spheres by assuming that the dynamic law of approach 
is identical with the static law.’ 

In this investigation we shall evaluate f,(¢) for the 
impact of two bodies, under the assumption that the 
dynamic law of approach is given by: 

a= (2) 
where & is a constant depending upon the elastic and 
geometric properties of the colliding bodies in the neigh- 
borhood of their point of contact, and r is a real number 

2. A body of mass m collides centrally with a body of 
mass M. Calling v and V their respective velocities 
and f(t) the force exerted between them during impact, 
Newton’s second law applied to the two bodies gives: 


d dV 
m =-—fx; M ja (3) 


In terms of their relative approach a, the relative veloc- 
ity of the two bodies during impact is: 


from which: 
or, setting: 
x = + (4) 
Sn (5) 


Substituting in (5), the value of f, derived from (2), we 
obtain the following differential equation for a: 
aa = 
mk a (6) 


Multiplying both sides of (6) by “ dt, integrating be- 


tween zero and ¢, and setting (3) = wv (velocity of 
t=0 


impact), we get: 
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| 
| 
| | 
| if 
4 
fa 
x = 1/5) 
(= 
9) da _ 


~ mkt 


At the time of maximum a (end of the deformation pe- 


riod, t = Tp) « = 0, and, setting aus, = a1, Equation 7 
gives: 


9 


1 
a = + (8) 


Deriving « from (7) and separating the variables a and 
t, we also find that: 


(9) 


(10) 


Integrating (9) beween zero and the end of the defor- 
mation period Tp, when a = a; and therefore x = 1, 
we find for 7; the expression: 


ay a dx 


Tp = 


and since the restitution period has the same duration as 
the deformation period, the time of impact Ty becomes: 


» J 
0 


dz 
¢r(x) = Vi — 


the duration 7, becomes, by means of (8): 


1 1 
Tx = 2¢,(1) (4 


or setting: 


(13) 


(14) 


when M = o, m, = mand Ty is known as the “Hertz 
time of impact.’”’ The value of Ty given by (14) is 
called by Lee the “modified Hertz time of impact.” 

The Hertz time of impact is the time of impact of a 
mass m against a beam of infinite mass or against a beam 
whose point of impact is fixed. It is seen from (14) and 
(4) that the actual time of impact when the beam is 
free to vibrate, i.e., its mass is not infinite, is always 
shorter than the Hertz time of impact. 

Integrating now both sides of (9) between 0 and ¢, and 
0 and x respectively, ¢ is obtained as a function of x: 


ay = ‘dz 
0 


t= 


t = Sy,(x) 


(15) 


From (2) and(10): 


fault) 
while from (15), and (11) and (12): 
_ 
Tx 2 ¢,(1) 
By means of (16) and (17), it is possible to plot the graph 
of the Hertz contact force f,, versus time, using x as a 


parameter. 
To obtain the normalized Hertz force: 


T = 


we notice that from (16) and (17): 


T r 1 
f = x'dr 
0 0 


from which, setting: 


= 


0 
(18) becomes, by means of (16): 
1 r 
Fy(t) = x 
Integrating by parts Equation 19: 


Gai- f t dx = f (21) 
0 


0 
and the value of C, can be computed by numerical inte- 
gration as soon as ¢,(x) is known. 

In this fashion the value of TyFy(t) = Z x” can be 


computed for various values of r and the maximum 
value of 7,Fy, which occurs when a is maximum, i.¢., 
at x = 1, is found to be equal to: 


(20) 


1 

3. In Section I the Hertz normalized force Fy is sub- 
stituted by an approximating function: 


(22) 


sin 
Ty 


0 t> 


and the duration parameter 7) is used to make the maxi 
mum value of F, equal to the maximum value of x. 
Noticing that (Fy)max. = while from (22) 
= 1/(TxC,), the relationship between Ty and Ty is found 
to be: 


(93) 


F,(t) 


‘ 
(24) 


2 


T» 


and by means of (14) the expression for 7) becomes: 
1 
Wai 
T, = B, 


4 
C,A, 20 


B, = 


The graph of B, versus 7 is given in Fig. 1 of Section I. 
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Section IV—An Approximate Expression for 
the Hertz Approach of Cylinders with 
Parallel Axes 


[t has been proved by Hertz that, when two infinitely 
deep and long bodies bound by cylindrical surfaces of 
radii R; and R, respectively, are compressed one against 
the other along a generatrix of the cylinders (that we 
shall take as y-axis), they flatten and get in contact 
along an infinitely long rectangle of width 2a, where: 


P’(k; + ke) 
(1) 


= 2 


in which: 
P’ = force per unit of length of the surface of contact; 


(vy being Poisson's ratio and Young’s modulus). 
The distribution of pressure across the width of the 
surface of contact is elliptic and given by: 


= po yi - (2) (2) 


the x-axis being perpendicular to the axes of the cylinders 
with crigin at the mid-point of the surface of contact. 
The maximum pressure fp is related to P’ by: 


= (3) 


In order to be able to solve the impact problem of two 
parallel cylinders, it is necessary to derive the relationship 
between P’ and the “‘approach’”’ a, sum of the deforma- 
tions w, and w, of the two cylinders along the z-axis. 

Hertz’s solution for the case of two spheres gives an 
approach proportional to the power ”/; of the total load 
f exerted by one sphere against the other. For the case 
of two infinite cylinders, Hertz’s solution instead gives 
an infinite approach. This is not amazing because when 
P’ is finite, the total pressure f between the cylinders is 
infinite and the integral of the finite strain perpendicular 
to the area of contact from zero to infinity becomes in- 
finite. Moreover, Hertz’s solution gives accurate values 
of the stresses in the neighborhood of the loaded region 
and cannot be used to determine the strain far away from 
the area of contact. 

A rigorous solution of the problem would consist in the 
determination of the stress and strain distribution in two 
finite bodies limited by cylindrical surfaces. It is no 
elt that such a laborious and accurate solution is needed 
for the purposes of this investigation. 

_ An approximate solution can be easily obtained in- 
stead by means of Hertz’s pressure® as follows: 

A semi-infinite elastic body is bound by the x,y- 
plane and loaded by a load p(x), independent of y and 
distributed over a rectangle of width 2a and infinite 
length. It can be proved®® that the displacement of 
the origin 0, center of the rectangle, with respect to a 
point of the z-axis at a depth h is given by: 


Where k = (1 — y?)/(wE). 


Substituting for p(x) the Hertz’s value (2) the deflec- 
tion w becomes: 
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or, substituting £ for x/a and noticing that the integrand 
is a quadratic function of &: 


1 
f V1 — in édé (6) 
0 


The values of the two integrals appearing in (6) are: 


1 
f 
0 


1 
fv — 
0 


By means of these values (6) becomes: 


h 1 1 


or, by means of (3): 
1 h\? 
kP’|1+ 2iIn2 — —— + In[- (8) 
yp a 
and, setting: 


c=1+2In2 — 


(9) 


w = kP’ E + In 


When the radii R; and R; of the two cylinders in contact 
are very large in comparison with a, (10) can be used to 
compute the deflections of the two cylinders, and the 
relative approach a of two points at depths /, and h, 
respectively from the surfaces of the cylinders becomes: 


(10) 


2 
a= + We = P| hic Ret. + ky in (*) + 


a 


In (*)] (11) 
a 


When the two cylinders are made out of the same ma- 
terial », = vo = v, ki = ky = k, and the relative approach 
becomes : 


a = 2kP’ E + In “2 (12) 


a’ 


For the case of a cylinder of radius R compressed against 
a deep beam we can take: 


= = R; R, = @ 


and by means of (1), the approach becomes: 


R 
a= 2kP E + In aP | 


In practical cases the length } of the cylinders will be 
finite and the average force P’ per unit of length will be 
equal to: 


(13) 


b (14) 
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where f is the total load on the cylinders. Dividing both 


sides of (13) by 2R and substituting (14) for P’, we thus 
get: 
= x(c, — In x) (15) 
where: 


v 


=c—I1n8 


(17) 


In order to plot a versus f it is convenient to introduce 
the new variable: 


y = (18) 
by means of which: 
104 
= — Iny) (19) 
where: 
= 10 — In2 — (20) 


1— 


The relationship (19) between a and f is seen to be mathe- 
matically complicated and not well suited to numerical 
computations. A simpler expression for @ as a function 
of f can be found instead by curve fitting an expression 
of the type: 


Sp = (21) 


to (19), using the least square method for y varying from 
1 to 5, i.e., for a very wide range of possible stresses. 

With v = 0.3, the correct and the approximate expres- 
sions for a become: 


OF len =y (8.09 —I1n y) (22) 
10%a = 1/116 
8.1ly (22a) 


The largest error in the approximate expression is less 
than '/; of 1%. 

The graph of (22a) is given in Fig. 31 together with the 
corresponding graphs for the approach of a sphere of 


radius R and a vertical cylinder of radius R on the same 


deep beam. 


Section V—A Generalized Lennertz Solution 
for the Impact of a Mass on a Beam 


1. The generalized Timoshenko Equation 1 of Sec. 
tion I can be solved, following Lennertz, under two addi- 
tional assumptions: 


(1) Only the first natural mode of the beam is excited 
by impact. 

(2) The duration of impact & is short in comparison 
with the period T of the fundamental mode of 
the beam. 


The pulse f(t) is assumed to have a sinusoidal shape: 
= K (1) 


where K and \ are unknown, which is the most appro- 
priate shape to assume according to the results of Section 
II. Assumption (1) reduces the Timoshenko generalized 
Equation 1 of Section I to: 


= ut — f(r)(t — r)dr 


while assumption (2) states that 4% = 2/X is small in 
comparison with T = 27/uw, i.e., that w is much smaller 
than \ and that therefore for t < t, wt is a small angle. 

Substituting (1) in (2), performing the integrations 
on the right-hand member and substituting w? for sin wf, 
Equation 2 becomes: 


R[K sin = oot — sin 


K 1 
(At — sin ( 
The term [sin \¢]!/" on the left-hand member of (3) can 
be substituted by a term a, sin Mt by choosing such a 
value for the constant a, as to make the area of the two 
impulses equal between 0 and hy, i.e., 


Pie Cylinder Sph 
4 TE “BR Ay 


a 
~ rt [sin At]!/" dt = a, f sin dt 


i from which the value of a, becomes: 


With this value for a,, Equation 3 becomes: 


kK/'a, sin MN = 


1 


APPROACH 


CURVES 


— sin MN) 
sin 


and equating separately the coefficients of ¢ and 


of sin \¢ on both sides: 


K K (5a) 
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(3) 


3) can 
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ie two 


= + 


1 
Elimination of K between these two equations gives the 
following equation for 


= + M(rx? — 


(56) 


(6) 


A first approximation \, of \ can be obtained from (6) 
neglecting w* in comparison with )? on its right side: 


1 Uy" ~! 


m, (ka,)’ 
where: 
1 1 1 
m, = + (7) 


and a better approximation of \ is achieved by sub- 
stituting \, for \ on the right side of (6). This improve- 
ment is seldom warranted in practice. 

Having \ by means of (6), Equation 5a gives K-: 


mMX(d* — w?) (s) 
md? + M(d? — 
and a first approximation K, of K can be obtained by 


neglecting again w* in comparison with \? on the right 
side of (7): 


K = 


Ky = VoAM, (8a) 


Using for \ in (8a) the first approximation \, given by 
(6a), the first approximation AK, of K becomes: 


_ [ma (8b) 
An improved value f(t) of the first approximation: 
fit) = Ki sin Mt (9) 


can be obtained by successive approximations if the value 
(9) is substituted on the right-hand member of (2) and 
the left-hand member is solved for f2(t): 


= wt — — 


f filr) sin w(t — r)dr (10) 


Noticing that to obtain f;(¢) the left-hand member of (2) 
was equated to its right-hand member, which is identical 
with the right-hand member of (10), Equation 10 be- 
comes: 
= kK/a, sin 
from which 
= K[a, sin df)’ (11) 


This expression for f(t) can again be substituted by a 
Sinusoidal pulse of identical impulse between 0 and t 
by choosing a constant b, such that: 


(sin A,t)’dt = b, ¥ sin dt 
0 0 
/2 
b, = (sin x)"dx 


from which: 
(12) 
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With this value for }, the second approximation /f2(/) 
becomes: 


felt) =fo sin Mit (13) 
where : 


fo = Ke, (14) 


| 
1.00 ] 
1.0 12s i.50 2.00 
r 
Fig. 32 


The graph of Fig. 32 gives the values of: 


= (a,)"b, (15) 
versus 
2. Substituting the value (14) for fo in the expressions 
(50) and (51) of Section I, the maximum deflection 6, 


occurring after the end of the impact is obtained in the 
form: 


_ 2hfo 
where Q; = &/T and N(Q,) is the function defined by 
Equation 60 of Section I. As explained below (No. 3), a 
Lennertz type solution can be expected to give accurate 


results only for 0.38 < VQ, < 0.5 and as seen from the 
graph of the function N(Q,) (Fig. 4 Section I), N does 
not vary by more than 6% from its average value 0.985 
in this range. Assuming therefore an average value for 
N(Q:) = 1, and remembering that the duration 4 = 
m/d, with \ = i, (Equation 6a), 5; becomes: 


Vo Qu 


The graph of Fig. 33 gives 6; / («. a) versus » and shows 


the following important characteristics of impact for the 
cases when the Lennertz assumptions are valid: 


(1) The maximum deflection is proportional to v and 
inversely proportional to w. 

(2) The maximum deflection is independent from the 
Hertz coefficient k. 

(3) The maximum deflection, due to the slow varia- 
tion of c, with r, is practically insensitive to the 
Hertz exponent r. 


3. The evaluation of an approximate Lennertz solu- 
tion is extremely simple. It requires: (a) the computa- 
tion of \; by (6a); (d) the evaluation of K, by (8a) and 
of fo by (14); (c) the computation of the duration h = 
us A. 

Unfortunately a Lennertz solution is valid only when 
the first vibrational mode of the beam is the only mode 
practically excited, i.e., when the energy absorbed in the 
first mode is much greater than the energy absorbed in 
the other modes. 
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The ratio of the energies absorbed by each mode has 
been computed by Lee’ by means of the Zener and Fesh- 
bach method. If the approximating function F, (Equa- 
tion 23 Section I) is substituted in the expression (10) 
of Section I for AE, this becomes: 


cos rn*Q, 


2 


The energy function: 


_| cosrn*Q, _ 


AE, = 


(18) 


is plotted in Fig. 34 versus ~/Q, and from this graph the 
ratio of the energies in the different modes can be ob- 
tained by measuring the ordinates of E, at W/Q1, 3V Or, 
5VQ,,......It is seen that the ratio of these ordinates 
decreases rapidly if / Q; is not too small, since the or- 
dinates vanish rapidly. A lower bound for V0; is 0.3, 
since the ratio of the first mode to the third is 1 + 0.4 
and a certain amount of energy in the third mode will 
not affect considerably the value of f(t), which depends 
on the displacement of the center of the beam only. 

On the other hand, since Q; is the ratio between the 
duration 4 and the fundamental period, the assumption 
of a short duration limits Q; from above. Lee proved 
that a practical upper bound for +/Q, is 0.5. 

The validity of a Lennertz type solution can therefore 
be checked beforehand by computing the duration par- 
ameter 7) by means of Equation 28, Section I, evaluating 
VQ: = VT)/T and checking whether ~/Q, lies between 
0.3 and 0.5. 


In the first experiment checked by the mathematical 
analysis: 


T = 5.47 X 10-4; T=105X 107; VQ = 


This value is too low for a Lennertz type solution to be 
correct and, in fact, the Zener and Feshbach solution 
shows that the third vibrational mode contributes more 
than 10% to the deflection of the midspan of the beam. 

In the second experiment: 

Ty = 6.99 X 10-4; T = 1.39 XK 10-7; VQ, = 0.224. 

In the third experiment /Q; = 1.53. The Lennertz 
solution therefore cannot be used with acceptable ac- 
curacy in the range covered by the experiments of Part | 
of this investigation. 
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stems,” 
= Summary 2. The comparative tendencies for sheet of different 
compositions and tempers to cause pickup. 
HE first paper! in this series on the spot welding 3. The influence of preweld cleaning method, surface 
+— of magnesium alloys was devoted to work on the resistance and weld size on tiplife. 
development of chemical solutions for cleaning all 4. The importance of welding current direction. 
varieties of stock to the low values of surface contact re- 5. The effect of pickup on the production of sound 


sistance necessary if sound and consistent spot welds are welds. 
to be produced. In the second paper,’ optimum con- 
denser-discharge welding conditions and the physical 
properties of spot welds in selected tempers and gages of 
the commercially available compositions of magnesium 
sheet were discussed. The data presented show the 
general principles and provide a basis for judging quality 
in the spot welding of these materials. 

A constant and frequently very serious problem with 
the magnesium alloys is that of “tip pickup,” which may 
be roughly defined as a fouling of the welding electrodes 


Materials and Welding Equipment 


Stock for this investigation was supplied by both the 
American Magnesium Corp. and the Dow Chemical Co. 
Magnesium alloy sheet is generally used in one of three 
compositions and, for thicknesses 0.102 in. or less, in one 
of two tempers: annealed or hard-rolled. The table 
below gives the nominal compositions and corresponding 


by transfer of metal from the sheet being welded. Prior 
\o the present investigation, it had been reported® that 
‘rom 100 to 150 welds could be made on hard-rolled 
Mg-6 Al—1Zn sheet without cleaning the tips, but on 


designations. 


American Magnesium Corp. 


— — Designation — 


Dow Chemical Co. 
- Designation 


| the softer M 1.5Mn , Normal Hard- An- Hard- 
| dressing eve 8 ~y alloy the electrodes required Composition Annealed Rolled nealed Rolled 
sing every 10 to 20 spots. 
S paper, attention is directed to certain features Mg-3Al-1Zn AMC52S-O AMC52S-H FSI-A  FSI1-H 
ol the pickup problem which have both diagnostic and Mg-6Al-1Zn AMC57S-O J1-A 


AMC57S-H 


Ji-H 


practical significance. 


These include: 


Methods for evaluating the useful life of an elec- 


Detailed information on the physical and mechanical 
trode tip when spot welding magnesium sheet. 


properties of these materials can be found in the pre- 
ceding paper of this séries.2? Likewise, a complete de- 
scription of the spot-welding equipment and methods 
normally used in the preweld preparation of specimens 
was given there. 
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Tip pickup is a complicated phenomenon affected by 
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Current distribution over the contact area, or 
local current density. 
2. Distribution of electrode force over the contact 1. The number of welds to the appearance of copper 
area, or local pressure density. .. on the sheet. We 
3. Relative motion between electrode tips and the 2. The number of welds to sticking. 
surface of the work. 
4. Composition and condition of the electrode metal 
<n contact with the work. 
5. Temperature at the interface between sheet and 
electrode, which may largely be determined by: 
(a) The size of spot weld being made. 
(b) The temperature and circulation of the elec- 
trode coolant. 
(c) The length of heat-flow path from tip face to 


Tip life can thus be evaluated in terms of : 


Both of these criteria have practical value. Stickiny 
represents a definite limit in the life of the tip. Th 
presence of copper on the surface of a spot weld make 
the weld a focus for corrosive attack. Every effor 
should be made to minimize this transfer of copper, al 
though the copper deposits can be removed by polishing 
with fine abrasive compounds on buffing wheels.’ 


Acetic Acid Test for Copper 


coolant. 
6. Surface condition, composition and physical char- A very simple test for the presence of copper on th 
acteristics of the metal being welded. contact surface of a weld consists in applying a drop o’ 
7. Direction of current flow. 10% acetic acid solution, allowing the reaction to pro 


ceed for 5 to 10 sec., and wiping off the residue with : 
clean towel or piece of absorbent paper. A black spot 
or area on the spot-weld surface indicates copper. Whe: 
applying this test to Zn-bearing alloys, a black smut is 
developed over the surface generally. The smut is 
easily removed by wiping, however, while the black 
4 copper spots are not removed. 

Evaluation of Tip Life , The reliability of this test was established by checking 
the results indicated on several tip life series with thos 
given by a-benzoin oxime, a chemical reagent which 1s 
specific for copper.> The details of the test with « 
benzoin oxime follow. The surface of the weld is scraped 
with a steel knife edge, and the scrapings removed to « 
1. The appearance of a bright tarnish on the welding spot-plate depression. One drop of a solution contain 

tips. This tarnish develops into a ring of white ing 10% phosphoric acid and 40% nitric acid is applied 

powdery material, presumably magnesium to dissolve the metal. The solution is made alkaline b) 

oxide, on one or both of the electrodes. the addition of three or four drops of 10% ammonium 
The transfer of copper from the electrodes to the hydroxide. Then two drops of a 5% solution of a-ben 

contact surface of the weld. zoin oxime in alcohol are added. The appearance of « 
3. Sticking of the work to one or the other electrode. yellow-green color proves the presence of copper. 


Many of the above factors are interdependent in their 
effects on electrode pickup. It is not surprising that the 
phenomenon appears to have an erratic nature. Studies 
of tip pickup must be very carefully controlled if un- 
equivocal results are to be obtained. 


The progress of tip pickup when making a series of 
spot welds in Mg -— 1.5Mn sheet is marked by the follow- 
ing events: 


bo 


Table 1—Results from Tip Life Studies Using Federal Unidirectional Condenser-Discharge Welder 


Electrode tips: 2! /2-in. R domes, Elkaloy A, freshly machined at start of each series. 
Welding conditions: To produce medium-size sound welds with clean tips. 


Number 
Alloy, of Welds Number of Welds 
Temper to to Sticking 
Series and Surface Positive Copper _and 
No. Gage Preparation Electrode Pickup Failing Tip 
1 AMBS-O, 0.040 in. Wire-brushed Lower 17U 23L+ 
(L+) 17L+ * 
2 AMS3S-O, 0.040 in. Wire-brushed Upper 7U+ 10U+ 
(U+) 10L 
3 AM3S-O, 0.040 in. Chemical Lower 19U 29L+ 
(L+) 19L+ 
4 AM3S-O, 0.040 in. Chemical Upper 12U+ 17U+ 
(U+) >17L 
5 AM3S-H 0.040 in. Wire-brushed Lower 3U 47L+ 
(L+) 5L+ 
6 AM3S-H 0.040 in. Wire-brushed Upper 2U+ 46U + 
(U+) 11L 5 
7 AM3S-H 0.040 in. Chemical Lower 14U >50 
(L+) 14L+ depos! 
8 AM3S-H 0.040 in. * Chemical Upper 7U+ 15U+ 
(U+) >16L assiVe 
9 AMC52S-0 0.040 Wire-brushed Upper >50 250, no exces 
in. (U+) pickup before: 
welds 
10 AMC52S-H 0.040 Wire-brushed Upper >50 >50, no eee 
in. (U+) pickup before : 
welds 
il AMC52S-H 0.040 Wire-brushed Upper >50 wo 
in. (U+) pent 
welds 
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One result of the series of experiments which led to the 
confirmation of the acetic acid test was a demonstration 
that copper transfer does not appear to occur in the 
welding of Mg—3Al—1Zn sheet even when electrode 
fouling has proceeded to the point of sticking. Two 
series of welds were made in the 0.040-in. gage of AMC- 
52S-H stock after wire-brushing. In the first series, 
sticking occurred at weld 82; in the second, at weld 105. 
On the surface of none of these welds could copper be 
found. Spot welds in Mg—Al-— Zn sheet are therefore 
less likely than those in Mg—1.5Mn sheet to be sus- 
ceptible to the accelerated corrosion caused by the pres- 
ence of copper. Furthermore, the number of welds to 
sticking becomes the only definite criterion of tip life 
when spot welding these harder alloys. 

Tables 1 and 2 present the data obtained in a general 
survey of tip life when spot welding Mg—1.5Mn and 
Mg-3Al—1Zn sheet prepared chemically and by wire- 


used for each determination. The machine settings 
were adjusted in each case to produce medium-sized 
sound welds with the clean tips. The following con- 
clusions may be drawn from a study of Tables 1 and 2. 

1. The order of decreasing tendency to cause pickup 
to the point of sticking is: 


(a) Mg-—1.5Mn, annealed. 
(6) Mg-— 1.5Mn, hard-rolled. 
(c) Mg-—3Al-— 1Zn, annealed and hard-rolled. 


The pickup problem is so much less serious with Al — Zn 
sheet that it is profitable from both the experimental 
and practical point of view to conceritrate attention on 
the Mn alloy. Hardness is perhaps the governing factor 
in determining the extent of pickup. There is continual 
growth of the deposits on the welding tips as successive 
spots are made in the soft Mn sheet. From the harder 
Al— Zn surfaces, the electrodes do not accumulate an 
appreciable quantity of pickup within 50 welds. 


Table 3—Effect of Preweld Cleaning Method, Surface Resistance and Weld Size on Tip Life Using Taylor-Winfield Bidirec- 
tional Condenser-Discharge Welder 


Electrodes: 2'/:-In. R Domes, Elkaloy A, Freshly Machined at Start of Each Series. 


0.040 In. M-H Sheet. 


Average 
Number Average Shear 
of Number Shear Strength, 
Welds of Strength, 3 Welds 
, Surface* to Welds First After 
series ° Surface Resistance, Copper to 3 Welds, Sticking 
No, Preparation Microhms Pickup Sticking Lb. Lb. 
l Wire-brushed 17 Upper, 2 10 280 318 
(12-20) Lower, 3 (273-287) (315-320) 
Both, 11 
“ Chemical 270 Upper, 3 31 319 325 
(91-360) Lower, 6 (269-392) (308-357) 
Both, 14 
, Chemical 5 Upper, 17 >200 296 308 
(4-10) Lower, 16 (292-309) (292-323) 
Both, 25 
y Wire-brushed 17 Upper, 2 48 264 284 
(12-20) Lower, 3 (242-281) (270-303) 
Both, 10 
. Chemical 130 Upper, 7 >200 233 267 
(52-270) Lower, 6 (230-237) (258-275) 
Both, 12 
Chemical 5 Upper, 13 >200 239 292 
(4-6) Lower, 14 (229-248) (275-307) 


Average of 10 measurements, 5 each on 2 pairs of specimens. 


Both, 30 
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Table 2—Results from Tip-Life Studies Using Taylor-Winfield Bidirectional Condenser-Discharge Welder 
Electrodes: 2'/:-In. R Domes, Elkaloy A, Freshly Machined at Start of Each Series. 
Welding Conditions: To Produce Medium-Size Sound Welds with Clean Tips. 
Alloy, Number of Welds 
Temper to Sticking 
Series and Surface Number of Welds and 
No. Gage Preparation to Copper Pickup Failing Tip 
13 AMS8S-O 0.040 in. Wire-brushed Upper—13, 15, 17: 31, Upper 
Lower—16, 18 
14 AM3S-O 0.040 in. Chemical Upper—36, 38, 40 >50 
Lower—41, 43, 45 Heavy deposit, up- 
per and lower Fs 
>50 3 
15 AM3S-H 0.040 in. Wire-brushed Upper—3, 5, 7 Heavy deposit, up- 
Lower—4,6,8 per and lower 
>50 
16 AM38S-H 0.040 in. Chemical Upper—11, 13 Heavy deposit, up- 
Lower—12, 14 per and lower 
17 AMC52S-H 0.040 Chemical >50 >50 
in. No excessive pickup 
before 50 welds 
Results from Early Experiments brushing. Freshly machined 2'/.-in. R-dome tips were | 
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2. Transfer of copper to the sheet welded is not ob- 
served with Al—Zn sheet. Copper deposition starts 
very soon on the Mn sheet. The hard-rolled temper 
seems to be more susceptible than the annealed to this 
form of pickup. Traces of copper may be present on the 
contact surface of the second or third weld in wire- 
brushed, hard-rolled sheet. 

3. There is a pronounced current-directional effect 
associated with pickup in magnesium alloy sheet. This 
is manifested here in two ways: 


(a) When using a welding machine with unidirec- 
tional flow of welding current, the pickup de- 
posits always build more rapidly on the pesi- 
tive electrode, and sticking always occurs 
against the positive tip, whether this be the 
upper or the lower. 

When using a machine with reversing direction 
of current flow, the early deposition of copper 
on either contact surface of the sheet occurs 
on alternate welds. Thus, in Series 13, Table 
2, copper was present on the lower electrode- 
to-sheet contact surface of welds 13, 15 and 17. 
On the upper electrode-to-sheet surfaces, cop- 
per could be found on welds 16, 18 and 20. 


4. Approximately double the number of welds can 
be made in Mn sheet before sticking if a machine having 
bidirectional welding current flow is used. This is to be 
expected since the welding tips are positive on alternate 
welds. There is no similar increase in. the number of 
welds before copper transfer occurs, however. 

5. Tip life is appreciably shortened if the upper elec- 
trode of a machine with unidirectional current flow is 


(b) 


given positive polarity. This effect can be attributed to 


a scuffing, mechanical action of the upper tip on the 
magnesium surface as the head descends to make the 
weld, or to more thorough cooling at the lower electrode- 
to-sheet interface due to longer time of contact with the 
lower electrode. A simple auxiliary experiment dem- 
onstrated that the advantage of making the lower elec- 
trode positive is not increased by using a flat tip. In 
direct comparison with Series 1, Table 1, copper was 
observed on weld 11 and sticking against the lower tip on 
weld 22, when this tip was a 5/;,in., 10° flat. It had been 
thought that decreasing the current density over the 
contact area of the lower positive electrode would still 
further improve the tip life. 

6. Tip life is lengthened when the chemical method 
of preweld surface preparation is used. The studies 
recorded in Tables | and 2 were made before chemical 
procedures for the production of very low surface resis- 
tances had been developed. Nevertheless, wire-brushing 
appears from these results to be the poorer method of 
preparing the sheet. 


Influence of Preweld Cleaning Method, Surface Resist- 
ance Weld Size 


The data in Table 3 confirms the conclusion that tip 
life, whether measured by the number of welds to copper 
transfer or the number of welds to sticking, is short when 
welding wire-brushed Mg — 1.5Mn sheet (Series 1 and 4). 
There is remarkable improvement when sheet which has 
been chemically cleaned to very low surface resistance is 


used (Series 3 and 6). It is better, from the tip life 
point of view, to weld sheet which has a relatively high 
resistance, chemically obtained, than to employ wire- 
brushing as the preweld cleaning method (Series 2 and 5). 

The size of weld being made has an important effect 
on tip life. The average strength of the first three welds 
in each of Series 1, 2 and 3 was about 300 1b. <A weld of 
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this strength is close to the maximum sound weld obtaiy. 
able in 0.040-in. Mg—1.5Mn hard-rolled sheet. Thy 
number of welds to sticking in each of these series may 
be compared to that in Series 4, 5 and 6, respectively 
The welds of Series 4, 5 and 6 were of medium size, with 
an average strength of about 245 lb. Tip life was im. 
proved by making smaller welds. It will be noted, how. 
ever, that the number of welds to copper deposition was 
not appreciably greater. 

The effect of tip condition on the size of weld mace 
with a given set of machine settings may be judged by 
comparing the last two columns in Table 3. In ever 
case the average strength of welds made after the onset 
of sticking (or after welding 200 spots) was greater thay 
that of welds made with clean tips. The increase in size 
was due to the greater amount of heat developed at th 


ae 
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Fig. 1—Tip-Life Series Illustrating Effect of Current Direction 
on Copper Pickup. Upper Side of Spot-Welded Strips 


Copper pi k Ip on 


Bidirectional condenser-discharge welder. Abt 


welds 14, 16, 18, ...... Wire-brushed 0.040-in. AM3S-O. 
acid test. 
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tae. interfaces between the dirty electrodes and the sheet 


The during passage of the welding current. 
may 
= | Effect of Precompression on Tip Life 
im- 
how- F It was thought that precompression at high electrode 
1 was i a force prior to welding might produce better contact be- 
: ; tween electrode tip and sheet, and thus reduce the amount 
made of heat developed so as to prolong tip life. Actually, 
od by I both the number of welds to copper transfer and the 
every i md number of welds to sticking were reduced when pre- 
than 
size 
at the Effect of Current Direction 
Previous experience in the welding of Alclad 24S-T had 
shown that the direction of current flow in the secondary 
circuit of a unidirectional welding machine determines 
which electrode deteriorates more rapidly due to pickup 
lied when tips of like composition and contour are used.® 
The positive electrode, be it top or bottom, starts to pick 
-_ up aluminum before the negative electrode shows signs 


of deterioration. This current-directional effect was 
more obvious in spot welding the soft Mg— 1.5Mn alloy 
| eae : than in welding the harder alloys of magnesium and 
4 aluminum. Evidence for it isclear in Figs. 1 and 2, which 
are photographs of the top and bottom sides, respectively, 
of a series of welds made in wire-brushed AM2S-0 stock. 
With the welding machine used, the direction of current 
flow through the secondary reversed from weld to weld. 
On the top side, copper transfer is noticed on welds, 14, 
16, 18, 20, etc.; on the bottom side, on welds 15, 17, 19, 
21, etc. As the tips get dirtier, however, copper is foun 
on both sides of each weld. J 
The first few welds made with a clean pair of tips’ in 
Mg-— 1.5Mn sheet may be symmetrically positioned and 
regular in shape. As the tips become fouled, the fusion 


UPPER ELECTRODE 


SPECIMENS 
CLIP 


| 


Sp 
irection UPPER LOWER 
rips Fig. 2—Tip-Life Series Illustrating Effect of Current Direction ELECTRODE SHEET ELECTRODE SECONDARY 
ea on Copper Pickup. Lower Side of Spot-Welded Strips Shown came? on ect TO CURRENT 
ye in Fig. 1. (Copper Pickup on Welds 15, 17, 19,... .) SHEET 
ay Fig. 3—Oscillograph Connections for Measurement of Voltage 
Drops in Secondary Circuit of Spot Welder 
AUGUST 


SPOTWELDING MAGNESIUM ALLOY SHEET 


“2 
Be 
a 
. 
Ry 
a 


Table 4#—Summary of Welding Conditions for Spot Welds Analyzed During Dynamic Resistance and Instantaneous Powe: 


Federal Unidirectional Condenser-Discharge Welder. 


Studies 


Electrode Tips, 2'/: In. R Domes, Elkaloy A; Capacitance, 600 mfds.; Turns 


Furthermore, they are usually displaced toward one 
electrode or the other until finally the fused zone extends 
to the outer surface of the sheet. Careful check shows 
that the nugget is always drawn to the positive electrode. 
When welding with dirty tips using a machine having a 
reversing direction of current flow, the fused zone may be 
almost completely in the upper sheet in one weld, and 
equally displaced into the lower sheet on the next. In 
the case where one tip is dirty and the other clean, as can 
happen in a machine having unidirectional current flow, 
the drawing of the nugget to the dirty positive electrode 
is easily understood. More heat is generated at the 
contact between this tip and the sheet. But when both 
electrodes are dirty, displacement of the fused zone to one 
electrode indicates that current direction, as well as elec- 
trode condition, influences the resistance between elec- 
trode and sheet. 
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Ratio, 398: 1. 

Alloy, Elec- 

Temper trode Con- 
and Surface Positive Tip Force denser Figure 

Gage Preparation Electrode Condition Lb. Voltage No. 
AM3S-O 0.040 in. Chemical Upper Clean 500 1900 4,12 
AM3S-0 0.040 in. Chemical Upper Upper Tip (+) Dirty 500 1900 5, 13 
AM3S-O 0.040 in. Chemical Upper Dirty, Sticking to 500 1900 6,14 

Upper Tip (+) 

AMS3S-O 0.040 in. Chemical Lower Clean 500 1800 7 
AMC52S-H 0.040 in. Chemical Upper Clean 900 1600 8 
AMC52S-H 0.040 in. Chemical Lower Clean 900 1600 9 
AM3S-O 0.040 in. Wire-brushed Lower Clean 500 1600 10 
AMC52S-H 0.040 in. Wire-brushed Lower Clean 900 1400 11 
nuggets become progressively larger and more irregular. Oscillographic Studies 


In order to obtain fundamental information on current- 
directional phenomena and the nature of electrode pickup 
in spot-welding magnesium alloys, studies were made o/ 
the changes which occur in the sheet-to-sheet resistance 
and the electrode-to-sheet resistances while a weld was 
being made.’ 


Equipment and Method 


The method consisted of obtaining a high-speed os- 
cillogram recording the voltage drops between upper 
electrode and sheet, from sheet to sheet, and between 
lower electrode and sheet, as a function of time during 
the welding process. On the same oscillogram were re 
corded simultaneously a trace measuring the current 
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ed os: 
upper tion with the Raytheon-Federal welding equipment. The re 
etweell TRS flowing through the welding electrodes, and a 1000-cycle oscillograph is equipped with four standard vertical gal- / 
during © timing wave. vanometers, and one standard horizontal galvanometer aS 
fere re | For this work an electromagnetic oscillograph of the to provide the timing wave. The oscillograph connec- i, 
current TA) Westinghouse Universal PA type was used in conjunc- tions for measuring the desired voltage drops are shown 
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Fig. 10 


in Fig. 3. The camera is of the drum type, and was 
operated at a speed of about 50 in. per second. It was 
synchronized with the welding machine by means of a 
mechanism which initiated the welding current at the 
proper time with respect to the rotation of the camera 
drum. 

Since the secondary shunt with its galvanometer for 
measuring current was calibrated in terms of amperes per 
unit deflection and the other galvanometers were cali- 
brated in terms of volts per unit deflection, instantaneous 
values of resistance could be calculated by Ohm’s Law, 
R=E/I. The potential connections were made in such 
a way that the sheet-to-sheet resistance, as measured, 
included the body resistance of one sheet. Likewise the 
electrode-to-sheet resistances included the body resist- 
ance of one-half sheet. By keeping each pair of poten- 
tial connections as nearly as possible in a plane perpendic- 
ular to the electrode axis, the error due to inductive 
effects was negligible. When desired, instantaneous 
values of power, P = EI, were also calculated from the 
oscillograms. After measuring the area under the in- 
stantaneous-power-time curves with a planimeter, the 
energy input to each contact surface up to.any given time 
after the start of the weld could be estimated. 


Materials and Welding Conditions 


Dynamic resistance curves were obtained for gpot 
welds made in 0.040 in. AM3S-O and AMC52S-H stock. 
The following variables were studied : 


1. Polarity. 
2. ‘Tip condition. 
3. Method of surface preparation. 


Table 4 is a summary of the welding conditions for 
welds analyzed in this report. The following facts 
should also be mentioned: 

1. The work was done at a time when chemical clean- 
ing methods for the production of very low surface re- 
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sistances were still undeveloped. The static surface 
resistances of the chemically cleaned sheet used were in 
the range from 40-100 microhms, as measured between 
4-in. R domes at a force of 1000 Ib. 

2. “Clean” tip condition means that the welds were 
made with a freshly machined pair of tips. 

3. The three welds reported in chemically cleaned 
0.040-in. AM3S-O with the upper electrode positive 
(Figs. 4-6) were selected from a series made with identical 
machine settings using tips starting clean and getting 
progressively dirtier to the point of sticking. 


Results 


Study of Figs. 4-11 reveals a current-directional effect 
to be operative regardless of alloy composition, the 
method of surface preparation or the tip condition. The 
sheet-to-sheet resistance and the resistance between the 
negative electrode and the sheet fall off regularly as th: 
weld is being made. This behavior is to be expected. 
But the positive electrode-to-sheet resistance curve 
characteristically different. The resistance falls rapidly 
and in the normal fashion at the very start of the weld. 
When the welding current has reached from 25 to 50"; 
peak value, however, the positive electrode-to-shect cot 
tact resistance starts to rise. A maximum is reached 4 
from 30 to 75% of peak current, and then the resistanc: 
decreases in normal fashion during the rest of the weld 
cycle. The curve showing the change of positive co” 
tact resistance with time has a characteristic “hump " 
every case. 

The intermediate rise of the positive contact resist 
ance curve is sufficient to bring its general level above 
that of the negative contact curve. Since the saine me 
rent is flowing through each contact area, more heat s 
produced at the positive contact than at the oo 
contact. The drawing of the fused zone of the weX bie 
the positive electrode results. It is indeed remarka 
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Table 5—Analysis, in Terms of Energy Input to Each Contact Surface of the Weld, of Instantaneous Power Curves for Three 
Welds Made with Identical Machine Settings (0.040-In. AM3S-O, Chemically Cleaned) 


rime 


After Current 
Start in 
ot % of Total, 
Weld, Peak Watt- 
Millisec. Current, Av. Tip Condition Sec. 
10.0 79.7 Clean 84.1 
(rising) Upper Tip (+) 94.5 
Dirty 
Dirty, Sticking to 87 .6 
Upper Tip (+) 
7.0 99.7 Clean 268 
(falling) Upper Tip (+) 272 
Dirty 
Dirty, Sticking to 265 
Upper Tip (+) 
30.0 80.6 Clean 421 
(falling) Upper Tip (+) 420 
Dirty 
Dirty, Sticking to 420 


Upper Tip (+) 


that this phenomenon occurs even when using freshly 
machined tips which have, presumably, an equal state 
of cleanliness. 

The resistance curves of welds made in 0.040-in. 
AM3S-O using identical machine settings but progres- 
sively dirtier tips are shown in Figs. 4-6. It will be 
noted that the time to the maximum in the positive curve 
decreases from 13 millisec. to 11 millisec., and finally to 
9 millisec., as the tips become dirty and sticking against 
the positive electrode occurs. Furthermore, the level 
of the positive curve becomes progressively higher than 
that for the negative electrode, indicating that an in- 
creasing proportion of the energy input is being trans- 
formed into heat at the positive contact. Figures 12— 


14 show the instantaneous power curves for this series of 
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SPOTWELDING MAGNESIUM ALLOY SHEET 


Energy Input Since Start of Weld 
———Y% of 


— = 


Upper Lower 

Elec- Elec- 

Sheet- trode- trode- 
to- to- to- Fig. 
Sheet Sheet (+ ) Sheet (—) No. 
39.3 34.0 26.7 12 
32.9 43 .2 23.9 13 
37.4 40.8 21.8 14 
34.3 37.2 28.5 12 
31.5 43.8 24.7 13 
33.7 42.0 24.3 14 
32.7 36.9 30.4 12 
31.3 41.7 27.0 13 
32.8 41.3 26.9 14 


three welds: The maxima in the negative curves are at 
peak current. The power expended at the sheet-to- 
sheet contact is greatest at about 75% of peak current. 
The positive curves have peaks at 13 millisec., 11 millisec. 
and 10 millisec., respectively, in correspondence with the 
peaks in the resistance curves. 

After measuring the area under the power curves, the 
energy input to each contact surface of each weld up to 
times of 10, 20 and 30 millisec. was calculated. The 
results are presented in Table 5. It should be mentioned 
that the welding current had risen, on the average, to 
79.7% of peak value in 10 millisec.. At 20 millisec., the 
current was falling but was still at 99.7% of peak. By 
30 millisec., it had decayed to 80.6% of its highest value. 

In Table 5 it is seen that throughout the weld cycle, 
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more energy goes into the positive contact than into the 
negative contact. ‘This is true even when the tips are 
clean, although the difference increases as the positive 
tip becomes* dirty. The sheet-to-sheet contact absorbs 
about one-third of the total energy input, the positive 
contact always more than one-third and the negative 
contact always less than one-third. 


Interpretation 


While polarity is influential in determining which 
electrode fouls when welding the aluminum alloy, Alclad 
24S-T, dynamic resistance measurements fail to reveal 
any significant difference between the positive and nega- 
tive contacts. For some reason directional effects are 
more pronounced when welding the magnesium alloys. 

Little seems to be known about the behavior of metal- 
lic contacts at the very high current densities used in 
spot welding. Pickup on the positive electrode involves 
transfer of magnesium from sheet to tip in the same di- 
rection that electrons flow. Copper transfer to the 
sheet under the positive electrode implies a reverse mi- 
gration of this metal. A better understanding of the 
laws governing these phenomena might lead to valuable 
improvements in the art of spot-welding magnesium. 


Effect of Pickup on the Production of Sound Welds 


The use of such criteria as the number of welds to cop- 
per deposition, or the number of-welds to sticking, is 
convenient in judging length of tip life, but often gives 
no accurate idea of the number of welds that can be 
made before the tips should be cleaned. For example, 
when welding Mg—1.5Mn sheet, copper may be found 
on spot 7 and sticking may occur at weld 25. The nug- 
gets of the last 15 welds of the series may, however, be 
almost completely displaced into one sheet or even 
burned through to the electrode contact surface. Ex- 
perience has shown that useful tip life for the production 


of large consistent welds in this sheet is more reliably 
indicated by a quick examination of the weld cross sec. 
tion. Despite the fact that more than 200 welds can be 
made before sticking in hard-rolled Mn sheet which has 
been chemically cleaned to very low surface resistances 
(Table 3), no more than the first 25 of these are without 
appreciable displacement of the nugget into one of the 
sheets. With wire-brushed Mg-—1.5Mn stock, 4 or 5 
satisfactory welds are all that can be made. 

Under the best conditions, a pair of tips can probably 
be relied upon to produce about 175 consistent welds oj 
good size in chemically prepared Mg—Al-Zn stock before 
cleaning becomes necessary. 


Conclusion 


There is a pronounced polarity effect associated with 
electrode tip fouling when spot welding magnesium alloy 
sheet. _When using a machine providing unidirectional 
flow of welding current, the pickup deposits always build 
more rapidly on the positive electrode, and sticking oi 
the work always occurs against the positive tip. 

Oscillographic studies of the changes in sheet-to-sheet 
resistance and electrode-to-sheet resistances while the 
weld is being made show that the polarity or current- 
directional effect is operative regardless of alloy com 
position, the method of surface preparation, or the tip 
condition. The energy input to the positive electrode- 
to-sheet contact is always greater than that to the nega- 
tive electrode-to-sheet contact. 

The unequal input of energy to the two electrode-to- 
sheet contacts accounts for the difference in rate of tip 
pickup, and causes the weld nugget to be displaced to- 
ward the positive electrode when the tips become dirty. 
The useful tip life for the production of sound, consistent 
welds in magnesium alloy sheet is most reliably deter- 
mined by a quick examination of the weld cross section 
for undesirable displacement of the fused zone into one 
sheet. 

Another criterion of deteriorating tip condition is the 
appearance of copper on the contact surfaces of the weld 
by transfer from the electrodes. Copper transfer does not 
apparently occur, however, in the welding of Mg—Al-Zn 
sheet even when electrode fouling has proceeded to the 
point of sticking. With the Mg—1.5Mn alloy, it oiten 
sets in before the welds cease to be sound in other respects 

Sticking of the work to the electrode marks a defimil« 
limit in tip life, but sticking does not start until after the 
welds being produced are no longer sound and consistett. 

The soft Mg—1.5Mn alloy, particularly in the annealed 
condition, gives far more trouble because of very rapid 
electrode fouling than the harder Mg-Al-Zn materials. 
Approximately double the number of welds can be made 
in Mg—1.5Mn sheet before sticking occurs, if the direc 
tion of welding current flow is reversed for each succes 
sive weld. Equipment which provides for reversing t\ 
direction of current flow should be employed when spo 
welding magnesium alloy sheet. If equipment having 
unidirectional flow of welding current must be used, it ' 
better to arrange that the lower electrode be sive"! 
positive polarity. 

Electrode tip life is also improved when: 


Ss 


(a) Chemical cleaning rather than wire-brushing | 
used to prepare the surface for spot welding. 

(b) The chemical cleaning leaves the sheet with the 
lowest possible surface resistance. 

(c) Sound welds of small or medium size relative ‘ 
the maximum size obtainable in any give” 48° 
of sheet are being made. 


(Continued on page 484-s) 
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Transverse Shrinkage of Welds 


HE transverse shrinkage of welds 

obeys complex laws and may reach 
high values. It can be controlled by suit- 
able procedures. Angular shrinkage also 
must be taken into consideration; it is 
variable and its effect on transverse 
shrinkage is uncertain. Although a simple 
formula cannot be applied to all circum- 
stances, it may be possible eventually to 
devise several formulas which would és- 
tablish a limit to shrinkage in the different 
classes of welds. For unrestrained butt 
welds in '/s-in. mild steel plates the for- 
mula P,, = 0.179 L,,, seems to be applic- 
able with a probable error of +14.4%. 
P,, is the transverse shrinkage, and L.,,, is 
the average width of the joint. For other 
conditions and types of joints, other for- 
mulas are being developed. 

The present chapter is intended to be a 
contribution to the statistical study of 
shrinkage. Numerical data are pre- 
sented for several types of butt and 
fillet welds made under a variety of condi- 
tions 


Unrestrained Butt Welds 


The specimens were made of basic 
Bessemer steel (elastic limit = 37,000 psi., 
tensile strength = 53,000-60,000 psi., 
elongation = 26-29% in 10 diameters). 
The plates were initially 0.59 in. thick, 
but were machined and polished to 0.55 
in. thick before welding. The specimens 
were 4 in. wide, the butt joint being per- 
pendicular to the direction of rolling, Fig. 
1. Welding was done with good commer- 
cial electrodes (elastic limit = 48,000 
psi., tensile strength =60,000—64,000 psi., 
elongation = 22-23% in 5 diameters). 
For most tests the root passes were de- 
posited with 0.128-in. electrodes, the re- 
maining passes with 0.157-in. electrodes. 
Each of the plates to be butt welded was 
\2 in. long. The plates for unrestrained 
tests were tacked */, in. from each end of 
the joint. 

Most of the measurements were made 
with a Zeiss measuring microscope (mag- 
nification 56, each division on the dial 
80.01 mm. = 0.0004 in.). In addition 
Huggenberger tensometers and a Mahr 
‘ype of mechanical extensometer were 
used. The latter instrument utilizes a 
chal Sage and operates on a lever and wedge 
principle. 

All specimens were welded in the flat 
position, and were turned 180° after each 
Pass to equalize the heat. Double V 
joints were welded alternately on each 
side. Extension pieces 1 in. long were 
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provided at each end to avoid craters in 
the specimen. A backing strip '/s in. 
thick, */; in. wide was used for the V 
joints. Tests showed that measurements 
were the same whether the backing strip 
was left or was machined away after weld- 
ing. 

We have found that shrinkage is less 
on that side of the joint at which the first 
bead was started, than on the other side. 
The difference is small and depends on 
the width of the specimen. Furthermore 
the shrinkage along the center of the joint 
is greater than the average of the shrinkage 
along the two edges. The angular distor- 


3 
3 


tion of V welds results in smaller shrinkage 
on the face of the weld than on the back 
If A is the angle between the two plates 
after welding, 7 is the plate thickness, and 
?, and P, are the shrinkages measured on 
the face and back of the joint, 
Py — Pr 

Our measurements show that this relation- 
ship is approximately true, but not ex- 
actly. 

The results of the tests on unrestrained 
butt welds are plotted in Fig. 2. The 
shrinkage is approximately proportional 
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Fig. 1—-Specimens for Measurement of Shrinkage and Shrinkage Stresses 


Upper specimen, restrained. Lower specimen, unrestrained. Lines a, b and c are 


gage lengths of 1.9 in. for shrinkage measurements. 


The solid black circles represent 


balls pressed into the plate to serve as gage marks for shrinkage stress measurements. 
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, center line of weld. Dimensions in millimeters. 


at 
4 
x 
‘> > 
4 
4 
1, “Opt 
Mag 
by the 
rch Com J 
“A Studs 
~ctrodes 
2 


to the average width of the joint, for V 
and double V joints with 60°, 70°, 80° and 
90° openings, and root spacings varying 
from 0.04 to 0.18 in. 

effect of number of passes on shrink- 
age was studied for a 90°-V joint with 
0.12-in. root gap, Table I. This is a par- 
ticularly wide joint for which 13 passes 
are normal. Larger electrodes likewise 
reduce distortion by reducing the required 
number of passes. Varying the current 
from 160 to 205 amp. with 0.16-in. elec- 
trodes had little effect on shrinkage and 
angular distortion, which were 0.090 in. 
and 4° 47’ at 160 amp., and 0.100 in. and 
3° at 205 amp., respectively, in an 80°-V 
joint with '/s-in. root spacing. Interpass 
temperature in this type of joint affected 
the angular distortion but had no effect 
on transverse shrinkage, Table 2. 
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Table 1—Effect of Number of Passes 
on Transverse Shrinkage of 90°-V Butt 


t 
Relrath Iransversal dans le jon! mm 
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Joints Larger moyenne joint en mm. 
10 0.156 7°30’ ~ 9. 60 o 
12 0.174 8°30" 5 45 
15 0.182 11° Fig. 2—Transverse Shrinkage of Unrestrained Butt Welds 
~ Vertical scale: Average of shrinkage measured on face and back of joint, millimeters. 
—=—— Horizontal scale: Average width of joint, centimeters. V and X joints with 60, 70, 80 and 
Table 2—Effect of Interpass Tempera- 90° included angles, and 1-, 3- and 4.5-mm. root gap are plotted. o, measurements made 
ture on 80°-V ae with '/;-In. Root on gage length b, Fig. 1. x, measurements made on gage lengths a and c, Fig. 1. 
ap 
Trans- Angu- 
verse lar Vv 
Shrink- Dis- scal 
age tortion, (X) 
Procedure In. Deg. 
Passes in continuous 
succession 0.095 4°55’ 
Interpass Tempera- 
ture = 150° C. u 
(300° F.) 0.093 4°35’ 
Interpass Tempera- lo 
ture = 20° C, 
(70° F.) 0.092 8°20° % if 
The length of the joint has considerable / ‘\ / 8 4 
effect on shrinkage. For an 80°-V joint . »*, 
with '/s-in. root gap the shrinkage and ‘ . x 7 4 
distortion were 0.098 in. and 2°40’ for a Fs 
joint 4 in. long, but were 0.108 in. and Cia 
10°49’ for a joint 6 in. long. For an 80°- Go .. - 62 
double V joint the shrinkage was 0.052 in. v ea 
for a joint 4 in. long, and 0.071 in. for a Retrait moyen 
joint 6 in. long, Fig. 3. série. 4. 
Plate thickness has been found to affect 
shrinkage, Fig. 4, in a manner that the v 3 
empirical formula does not predict The Jo + + 2.0% 
formula holds for V joints only in the 2 
range from 0.20 to 1.2 in. thick, and for as 
couble V joints only in the narrow range vs, BrP 
from to 7/s in. thick. The constant in x 
the empirical formula P,, = KL,,, de- 
creases rapidly with increase in thickness + + + + — 
for double V joints. o Joo 200 See Zoo mm. 


Restrained Butt Joints Longueur dv joint. 


Fig. 3—Shrinkage and Angular Distortion of nenent Lengths of Welded Joint, Root 
Gap = !/; In. 


The specimens were welded into a heavy 
frame, Fig. 5, weighing 3300 lb. The 
distance from the joints to the connection 
with the frame is 16.0 in., and the flexi- 
bility of the frame corresponds to an addi- 


Left vertical scale: Transverse shrinkage in per cent of mean width of joint 
vertical scales: Angular distortion, degrees and radians. Horizontal <ngh an = 
joint, millimeters. Full lines: Transverse shrinkage. Dotted lines: Angular aistoruo! 
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eee tion of 3 in. to this length, for plates 0.59 ae Ss 
\ in. thick. The conditions therefore were ee 
the same as if the frame were perfectly Saas 
\ rigid and the distance from joint to frame i 
\ 333 was 19 in. Upon release from the frame i 
V et ee the elastic angular distortion was less than oe 
1° for V joints, and less than 0°20’ for oe 
double V joints. 
The results for plates 0.55 in. thick are 
50 shown in Fig. 6. The shrinkage was very 
N small before the specimens were cut loose gr. 
P Nn from the frame. After being cut loose the 
5 NN eae specimens showed less shrinkage than un- 
restrained butt welds. The formula /?,, = 
4 0.02 + 0.075 applies to the restrained 
joints. /P,, is the transverse shrinkage in 
: ; 05.2 inches measured on a gage length of 1.89 ae 
i i in. over the weld, L,,, is the average width : ae 
: N of the joint in inches. This formula is 7 
\ purely empirical and it is very probable 
that further research will show the need 
for a different type of formula, particu- 
larly for double V joints. The essential ; 
point is that restrained joints shrink less ee 
than unrestrained joints. Is the addi- pie 
7 moyen en tional shrinkage of the latter due to the 
% surface tension of the weld metal pulling 
the plates together or due to the cooling é i 
of the first passes? Or does the tensile eae 
shrinkage stress in the restrained plates 
stretch the weld metal permanently and 
thus reduce the shrinkage? The second 
hypothesis appears more plausible, for 
the difference between free and restrained 


ind y Tee joints increases with the cross section of 
Lpaisseur des plats. the joint. 


¢ 20 40 so mm Fillet Welds 
Fig. 4—Effect of Plate Thickness on Transverse Shrinkage Shrinkage measurements on the end, % 


Vertical scale: Transverse shrinkage in percent of mean width of joint. Horizontal side and T fillets in Fig. 7 are summarized 
scale: Thickness of plates, millimeters. The joints were 6 in. long, 80°V and dndie Vv in Table 3. All the shrinkage in the end 
\X) with !/s-in. root gap. fillet welded joint is concentrated close 

to the welds. Play between the through eal. th 
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Fig. 5—-Rigid Frame for Restrained Joints (Dimensions in Millimeters) 
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END FILLETS 


Oo 


SIOE FILLETS 


Fig. 6—Average Transverse Shrinkage 
Across Restrained Butt Welds 


Vertical scale: Transverse shrinkage ir 
millimeters. Horizontal scale: Average 
width of joint, millimeters. +, shrinkage 
measured before the joint was cut loose 
from the rigid frame. o = _ shrinkage 
measured after the joint was cut loose 
— — — —, shrinkage results measured on 
unrestrained specimens. 


All joints were 4 in. wide. 
joints were 0.36-in. leg. The fillets in the T-specimen were 
0.59-in. leg. The plates for the T-fillet specimen were U.oY 'n. 


Fig. 7—End, Side and T-Fillet Joints for Shrinkage Measurements 
in Table 3 


The fillets in the end ind 


thick. The side fillet specimen had the same dimensions 4s 
the end fillet except that the cover plates were 3.1 in. wiae, 


7.1 in. 


long. 


Table 3—Shrinkage measurements on Fillet Welded 


Gage Length, In. 


CO 


X = Distance 
Between Through Plates 


0 0.079 In. 
End Fillets 
0.0012 0.0137 
0.0204 0.0335 
Side Fillets 
0.0189 0.0125 
0.0222 0.0149 
T Fillets 
0.0117 0.0406 
0.0102 0.0391 


Difference, In. 
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Joints, Fig. 7 


0.0125 
0.0131 


0.0064 
0.0073 


0.0289 
0.0289 


plates allows them to draw together 


The welds in the side fillet weldec jomt 
were carried across the gap in the through 
plates to accentuate shrinkage. In prac 
tice the welds are interrupted at the gap. 
In this case play between the throug! 
plates reduces shrinkage. Welding either 
joint under restraint would reduce shrink 
age and would reduce the effect of play 
between the through plates. Shrinkage 
was much higher in the T joint when 
was play between the plates. ~The 
angular deflection of the T joint wa 
to 7°, play having little effect. 
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Introduction 


Welding Research Council authorized an in- 

vestigation on the weldability of carbon-man- 
ganese steels at Battelle Memorial Institute. The 
project had two broad objectives: (1) to evaluate the 
usefulness of the notch-bead slow-bend test as a means of 
measuring the weldability of steels, and (2) the evalu- 
ation of the influence of carbon and manganese on 
weldability. 

Prior to the start of the main investigation, a pilot 

progam was authorized to study the influence of notch 
depth and aging on the behavior of the notch-bead slow- 
bend specimen. 
_After the report on the first pilot program, dated 
February 20, 1945, had been reviewed by the Steering 
Subcommittee, it was decided to conduct additional 
preliminary tests to investigate further the influence of 
aging, and to determine the effects of plate thickness. 
the results of these tests were presented to the Weld- 
ibility Committee in reports dated June 25, 1945, and 
August 20, 1945.t 

The Subcommittee then authorized the start of the 
main program. This report describes the results of 
these tests. In addition to the variables of carbon and 
nanganese, and of plate thickness and notch type, which 
Were studied in the three pilot programs, the present 
‘tudy has included three different heat inputs, three 
‘Ypes of electrodes and has compared the normalized 
‘pecimens with the as-rolled specimens. The objective 
"as to see what way these factors might be correlated 
with weldability, 

Be addition, a modification of the Lehigh system for 

o- icting weldability, as proposed by C. H. Jennings, 

vith ther ine the Steering Subcommittee, was to be used, 

rand € bend-angle data obtained in this investigation, 
“termine if the systems were applicable. 


ATE in 1944, the Weldability Committee of the 


Memorial Institute. 
Jourwar 25 (5) from these pilot programs were published in Tok Wetpinc 
“), Research Suppl., 77-s (1946). 


Notched-Bead Slow-Bend Tests of 


Carbon-Manganese Steels 


By C. B. Voldrich,* D. C. Martin* and O. E. Harder* 
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Summary 


Notched-bead slow-bend tests were made on '/»-,*/ 4 
and 1-in. plates of ten commercial rolled steels with 
varying carbon and manganese content, and also on 
1/>-and l-in. plates of three experimental rolled steels 
and three cast steels. The welds were made with three 
classes of */,-in.-diam. electrodes (E6010, E6020 and 
E6012) at welding currents and welding speeds designed 
to give three levels of heat input. 

Notched slow-bend tests were also made on unwelded 
specimens of all the test steels. 

Bend-angle data for the various steels, welded under 
different welding conditions, have been correlated with 
the chemical composition, heat input, electrode type, 
initial plate condition and plate thickness. The im- 
portant results of this work may be summarized as 
follows: 

1. Except for the thin plates welded at the high heat 
input, all of the steels had a lower bend angle in the 
welded condition than the unwelded specimens. 

2. The bend-angle ductility of welded specimens de- 
creased as the carbon and manganese increased. 

3. The bend angle decreased markedly as the plate 
thickness increased for any given chemical composition 
and heat input. 

4. The bend angle also decreased as the heat input 
decreased. This was most pronounced for the '/»- and 
4/,-in. plates; for the l-in. plates there was little im- 
provement in bend angle with greater heat input. 

5. There was no difference in the bend angle for as- 
rolled and normalized plates. 

6. There was no difference in the influence of the 
three classes of electrodes on the bend angle. 

7. The cast steels responded to welding substantially 
in the same degree as the rolled steels. In general, 
however, the bend angle for the cast steels tended to be 
lower than that of rolled steels of the same class. It is 
believed that the higher silicon content of the cast steels 
is responsible for this difference. 

8. Specimens welded with a controlled-hydrogen 


electrode had the same bend angle as similar specimens 
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. 
ae Table 1—Schedule of Notched-Bead Slow-Bend Tests' 
—~, 
ae Class £6010 Class £6020 Class E6012 Unwelded Plate, | 
Normalized As Rolled Normalized As Rolled Normalized Normalized) As Ro} la | Type 
Plate 1/2 3/4 1 1/2 3/4 1 1/2 1 1/2 4 1/2 1 1/43/4) 1 (1/294) | IR 
Thickness, In. | | 
} 1S 
Heat Input 70] 70/47 | 31/70/47 /|31 47| 31| 70|47| 31| 70/47/31] 73) 50| 34| 73] 73] 50| 34| 73/50 | 31/68/47 -| - | 
Te 
steer IR] x |x x} x 
is} x |x |x |x |x |x |x |x |x x |x |x oR 
2s 
| | 2c 
|x |x |x |x |x |x |x |x |x [x [x Ix} x 2F 
| 
|x |x |x |x |x |x [x [x x |x |x 
|x |x |x fx [x [x [x [x [x [x |X |X x |x xX |X |X |X |X |X FX |X |X |X |X KIX | 2x 
|x ix |x |x |x [xX {x [x xX IX IX |X IX X |X |X |X XIX IX IX ix] 
3¢ 
t— + 
gc} x |x {x |x |x |x |x |x [x |x |x |x |x |x [x [x |x [x [x |x x [x [x [x] x [x [x [x [x x [x |x af 
3F EX |X |X |X |X X 1X IX |X |X |X |X |X |X |X |X |X [xX X 1X |X |x [x x 3€ 
3x 
= 
xx) xx) x |x |x |x ix {x | {xix [x |x |x {x [x x 1x 1x [x |x 
. 
3E | x x x 
4€ |x |x x |x |x 
2x} x |x | x x |x |x xX |x |x {x x] [x] | 
x |x |x x |x |x x |x |x |x |x [x Ix 
ax} x |x ix x x |x |x |x |x |x x x | 
bee a ! Each ‘‘x"’ represents one welded plate (2 bend specimens plus a weld section) as shown in figure. : 
? All electrodes */1-in. diam. secti 
Pim § Thousands of joules/in. of weld bead; see Table 4. i 
* See Table 3. ature 
poe colt aan ew tests also made on '/:-in. normalized plates of Steel 4F with a ferritic, controlled hydrogen electrode (Class E6015), at 72,000, 48,000 and $2.0) i Tab 
joules/in. 
welded with Class E6010 (high-hydrogen) electrode. welds were */,s-in.-diam. A.W.S. Classes E6010 (Wilso is 
fe ie However, the low-hydrogen electrode produced no under- 98N), E6012 (Westinghouse SW) and E6020 (Mure 
ey bead cracks, even in the steel of highest composition, FHP). A brief series of tests was also made with * y-1 = 
ee while the E6010, E6020 and E6012 electrodes produced controlled-hydrogen electrodes, Tent. Class Ei! 
: underbead cracks in some of the higher chemistry steels.| (Murex HTS). 
. 9. There was a good correlation between the bend Welding Equipment.—All welding was done with ." 
ok angle and the maximum underbead hardness of similarly General Electric automatic welding head with a stickie« 4 
ease welded specimens. attachment, and a Westinghouse 400-amp. direct ~ 
ig as current welding machine. The welding current and ar 
voltage were recorded by means of automatically co é 
aa Preparation and Testing of Bend Specimens trolled Esterline-Angus recording meters. Ds 
a The schedule of tests conducted in this investigation is Welding of Plates 
ms given in Table 1. Plate Preparation.—Plates 6 in. wide by 12 in. long x 
tibe were flame cut from large 1 and '/, in. plates from stocs a 
A oe Matertals with the direction of. rolling parallel to the 12 in. dime 
ae Steels—Ten commercial rolled steels, three experi- sion. The necessary aa of */,-in. test ae ee x 
Sete: mental rolled steels and three cast steels were used in the prepared by machining ep from one face 0 ‘he ¥ 
ifs investigation. Table 2 shows representative chemical plates. Welding on the */,-in. plates was done 0! ¥ 
compositions of the steels used, and also the McQuaid- unmachined face. the 
e Ehn grain sizes when these were determined. A portion of the plates was normalized a wot 
‘ ‘ ates, including 45 
pce Two thicknesses of rolled steels were provided: '/,and schedule shown in Table 3. All oor gag wre « 
1 in. In addition, */,in. plates were prepared from folled and normalized rolled steels and the cast 
eras l-in. stock by machining one face. The cast steels were Were then grit-blasted. ‘ in ae is 
cast in the and 1 in. thicknesses. Table 3 gives the Welding.—The 6-x 12-10 plate was plate 
oi carbon and manganese contests, the carbon equivalents, the welding table, with a '/,-in. air space bet re ‘ati 
ae and the normalizing treatments for the steel plates used and the bed of the jig, except at the ends » bei tone 
a in the tests. It is believed that this insured a more consistc 
Cages Electrodes. The electrodes used in making the test Slower, cooling rate after welding than if the p)!' ay) 
Ss sition an reter to e car m equivalents y 
=e as calculated from the C, Mn and Si contents. ; A 5'/s-in. weld bead was deposited along ( 
PTEMBER 1947 
490-s WELDING RESEARCH SUPPLEMENT SE 


i 


32,00 


V ilsor 
Mure’ 

E601: 


vith 

ckfee 
lirect 
nd ar 
con 


1. long 
stock 
dime! 
Wa 
yf 
on th 


x to the 
img as 
steels 


a jig 0! 
n plate 
e plat 
albert 
rested 


e mid- 


EMBEX 


Table 2—Chemical Composition of Steels Used 


Chemical Composition - Per Cent 


Mc Quaid-Ehnr 


Mn si s Pp Cu cr 
1R 0.21 0.41 0.004 0.027 0.010 0.18 0.052 0.024 ° 
1s 0.21 0.45 0.048 0.035 0.017 0.02 0.02 0.02 ° 
0.22-0.23 0.39-0.40 0.15-0.17 0.032-0.038  0.012-0.014 0.20-0.22 0.13-0.14 0.020-0.026 COARSE 
2R 0.28-0.31 0.49-0.51 TRACE 0.037-0.039 0.010-0.014 0.27-0.29 0.17-0.19 0.038-0.057 
25 0.26 0.57 0.036 0.035 0.014 0.02 0.03 0.01 ° 
2c 0.30 0.65-0.67 0.19-0.20 0.032-0.039 0.012-0.014 0.14 0.07 0.054 2-4 
oF 0.26-0.31 0.76-0,77 0.18-0.22 0.037-0.043 0.030-0.040 0.20-0.23 0.12-0.14 0.025-0.058 5-8 
0.28 0.69 0.24 0.022 0.017 2-4 
2x 0.28 0.68 0.30 0.039 0.026 0.10 0.01 0.02 ° 
3c 0.31 0.95 0.12 0.025 0.024 0.10 0.05 0.10 
3F 0.33 0.68 0.21 0.030 0.019 0.23 0.10 TRACE 5-8 
0.33 1.19 0.29 0.039 0.019 2-4 
3x 0.31 1.00 0.54 0.022 0.035 0.05 0.16 0.03 . 
af 0.32 1.48-1.53 0.23 0.030-0.034 0.014-0.018 0.22 0.10 0.05 5-8 
0.33 1.62 0.29 0.036 0.027 ° 2.4 
4x 0.31 1.55 0.41 0.038 0.025 TRACE 0.06 0.15 ° 
* A- Rimmed 
S- Semikilled 
C- Coarse-gratned (ASTM 2-4) Rolled Steel Plates 
F- Fine-grained (ASTM 5-8) 
E- Experimental 
X- Cast 
section of each plate, as shown in Fig. 1. The temper- tests. Table 4 also shows the calculated heat inputs for 


ature of all plates at the start of welding was about 70° F. 
Table 4 shows the average welding conditions used in the 


Table 3—Carbon, Manganese and Silicon Contents' Carbon 
Equivalent and Normalizing Treatment for Steel Plates 
Used in Bend Tests 


——L/2-Inch Plates 4/4-Inch and i-Inch Plates izing 

R 0.25 0.44 «0.004 0.21 0.42 0:004 0.32 1650 
IS 0.19 0.42 0.048 0.31 0.22 0.43 0.34 1650 
0.24 0.37 0.16 0.37 0.24 0.38 0.16 0.36 1650 
R «0.31 0.48 TRACE 0.43 0.49 «TRACE (0.42 1600 
2% 0.27 0.57 0,036 0.42 0.29 0.56 0.036 0.44 1600 
x 0.32 0.65 0.20 0.53 0.30 0.64 0.20 0.51 1600 
* 0.29 0.75 0.20 0.53 0.29 0.77 0.20 0.53 1600 
& 0,26 0.69 0.24 0.51 0.28 0.69 0.24 0.51 1600 
x 0.28 0.68 0.30 0.53 0.28 0.68 0.30 0.53 (3) 
x 033 097 «6.12 0.60 0.30 0.94 0.12 0.57 1575 
¥ 036 a90 0.21 0,64 0.36 0.68 0.21 0.63 1575 
¥ Q34 1.16 0.29 0.70 0.34 1,16 0.29 0.68 1575 
1.00 0.54 0.90 0.31 1.00 0.54 0.70 (3) 
* 0.35 1.50 0.23 0.79 0.32 1.51 0.23 0.76 1550 
0.34 1.61 0.29 o.@ 0.33 1.61 0.29 0.81 1550 
* 0.31 1.55 0.41 0,80 0.31 1.55 0.41 0.60 (3) 


‘Carbon and ma 


from mill aaslyees ganese by Battelle analysis on individual plates. Silicon 


(Table 2). 


plates 30". temperature: '/:-in, plates, 15 min.; */«-in. plates, 23 min.; 1-in. 
»° min. All plates cooled in still air after removal from furnace. 


Received in heat-treated condition. 
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WELDABILITY CARBON-MANGANESE STEELS 


the several welding currents and welding speeds used, and 
the average electrode burn-offs and approximate weights 
of deposited metal. 
After welding, the plates were stored in air at about 
212° F. for 20 hr. This was done because previous tests 
had indicated that variations could be expected in the 
test results if the specimens were machined and bent at 
various times during the first week or two after welding. 


DIRECTION OF ROLLING 


DISCARD 
AN 
BN BEND SPECIMEN 
AN L 
N 
SEE DETAIL N BEND SPECIMENNO.2 | 
DISCARD 


WELD BEAD “| 8 Rapius 


NOTCH DEPTH & 


WELDED SPECIMEN UNWELDED SPECIMEN 
NOTCH DETAILS 
Fig. 1—-Bend-Specimen Plate and Notch Details 


49l-s 


i 


7) 
— 
| 
led 
* 
1 
| a 
ia 

a 

i 
x 
+] 
ix 
4 
4 
8 
| | 
| 
Normai- 
RADIUS 
T= $,%,! 


pa 


Table 4—Welding Conditions for Bend-Test Specimens 


and the depth of the notch wa; 
checked with a special depth gage. 
A series of unwelded bend Spec 


Average 


for Approximate 


mens was also machined from ! 


average atid l-in. plates of the test steels for 
Average Weight 


= Welding fb-In. Heat Input, Electrode Core wire COMparison with the welded spec. 
ectrode Diem., Welding Current. Electrode Speed, Bead, Joules/Inch Burn-Off, > ¢ 
Class Brand In. Amps. Are Volts Polarity In./Min. Sec. of Weld Bead!) tn. ti mens. The size and depth of note) 
was the same as for the welded speci. 
E6010 WILSON 98N 3/16 160 26 Pos. 4.0 82 70,000 8.3 4. . . 
mens, as shown in Fig. 1. 
16 180 26 Pos. 6.0 55 47,000 8.3 27 
3/16 180 26 Pos. 9.0 37 31,000 8.3 18 Inspection for Underbead Cracks 
After the specimens were machine; 
3/16 200 30 NEG 75 50.000 11.4 30 underbead cracks. Magnaflux jp. 
3/16 200 30 NEG. 11.0 30 34,000 11.4 20 spection of the Type 1 and Type } 
steels was discontinued after the firs 
E6012 WESTINGHOUSE 3/16 205 22 NEG. 4.0 8 67,000 9.8 48 few groups had been inspected be. 
Sw 
3/16 205 22 NEG. 6.0 55 47,000 9.8 32 cause no cracks were found, and 
shown that, under welding conditions 
‘ all the specimens of the Type 3 and 
3/16 190 25° Pos. 9.0 37 32 .000 


5.8 wa Type 4 steels were Magnafluxed, and 


(1) Inftial Plate Temperature, 70-80°F. 
Heat Input * (Amperes) < (Volts) (Welding In. /Min.) 
(2) With no allowance for spatter loss, this figure is also approximately the weight of the deposited metal of these specimens were rough 
in the 5g-inch weld bead. 


The pilot tests also showed that aging at 212° F. for 
16—24 hr. after welding eliminated the effect of variations 
in time between welding and testing. As an additional 
precaution, however, the age of all specimens at the time 
of bend testing was 8 days plus or minus 10 hr. 
Machining.—After the aging treatment, bend speci- 
mens were cut from the welded plates, and the weld beads 
were notched as shown in Fig. 
done in a milling machine with the specimen clamped in 
a.jig. The milling cutter had a nose radius of '/)5 in. 


l. 


The notching was 


in order to make certain that the in. 
spection would be thorough, the sides 


polished (180-grit belt) to provide a 
smoother surface for the Magnaflux 
inspection. 

The results of the inspection for underbead cracks 
are given in Table 5. No cracking was found in th 
Type 1 and Type 2 specimens, for all plate thicknesses, 
plate conditions, electrodes and heat inputs. While the 
Magnaflux inspection of these specimens was incomplet: 
subsequent observations made during the bend tests 
showed no signs of underbead cracking in any of the 
specimens, and Table 5 therefore indicates ‘no under 
bead cracks” for all of them. 

Underbead cracks were found in specimens of Steels 


Table nibiitiilian of Waihatend Cracking (Prior: to Bend Test) in Notched- Bead Slow-Bend Specimens 


ELECTRODE E6010 ELECTRODE E6020 ELECTRODE ELECTRODE | 
ate NORMAL IZED AS ROLLED NORMALIZED | AS ROLLED | NORMALIZED | 
THIGKNESS 72" | 374" I" 72" | 3/4" i 172" 1/2" 2" | 
INPUT 31 |70.47|31 |7047/31 1735013417 350 3) 
STEEL IR 
is 
IC 
2R 
2s | 
a 2c 
2F | 
3F _NO CRACKS, EITHER SIDE OF 
4F EITHER SPECIMEN 
2E @ -CRACK, ONE SIDE ONE SPECIMEN 
ti CRACKS, BOTH SIDES ONE 
© specimen 
4e - _CRACK,ONE SIDE BOTH 
2x SIDE ONE SPEC™| | 
3x BOTH SIDES OTHER 
SPECIMEN 
4x_ It GRACKS, IDES BOTH SPEC 
(HEAT INPUT IN THOUSANDS OF JOULES PER INCH) 4 
492-s WELDING RESEARCH SUPPLEMENT SEPTEMBER 
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3C, 3F and 3E, mostly in the 1-in. plate thickness, and 
for the lower heat inputs. 

Almost all of the specimens of Steels 4F and 4E con- 
tained underbead cracks. The only exceptions were the 
\/,in. 4F normalized and as-rolled plates welded with 
£6010 electrode at the highest heat input, and the '/.-in. 
1F normalized plates welded with E6020 electrodes at 
the high and intermediate heat inputs. 

In the cast steels, no cracks were found in specimens 
of Steel 2X. In Steel 3X, cracks were found in some of 
the l-in. specimens. In the Steel 4X specimens welded 
with E6010 electrode, all the '/s-in. plates cracked, but 
only one of the 1-in. plates, welded at the lowest heat 
input, cracked. Of the 4X plates welded with E6020 
electrodes, all the 1-in. plates cracked. 

Three specimens of '/2-in. normalized Steel 4F were 
also welded with a */\»-in. controlled-hydrogen electrode 
using approximately the same heat inputs as for the 
E6010 electrode. None of the specimens welded with 
the controlled-hydrogen electrode showed underbead 
cracks. 


Bend-Test Method 


The machined and Magnafluxed specimens were bent 
in a standard tee-bend jig, as simple beams on a 9-in. 
span with 3-in. diameter end supports, with the load ap- 
plied through a 2-in diameter loading pin at mid-span 
above the notch. For each test, a load-deflection curve 
was drawn by means of a recording attachment to the 
testing machine. The maximum load was obtained 
from the dial of the testing machine, and the angle of 
bend at this load was determined from the load-deflection 


Table 6—Angle-of-Bend Data for Normalized Plates Welded 
with E6010 Electrodes 


Avg. Angle of Bend at Max. Load, Bend-Angle Ratio, 


ces? Welded to Unwelded 
Plate  Equivelent, 


Si, Unweided Thousands Jobles/Inch Thousands Joules/Inch 


Thickness, Wm 
Steel) Inches ©°S*°S Specimens 70 a? 31 70 47 
1/2 0.36 51 55 55 57 1.06 1.08 14.12 
Rr 3/4 0.32 61 53 $3 50 0.87 0.87 0.82 
1 0.32 64 St 49 47 0.60 0.77 0.73 
1/2 0.31 55 54 55 54 0.% 1.00 0.98 
1S 3/4 0.34 57 55 57 56 0.97 1.00 0.98 
g 1 0.34 65 a7 47 49 0.72 0.72 0.75 
1/2 0.37 s1 54 56 54 1.06 1.10 1.06 
1c v4 0.38 55 $2 46 a7 0.95 0.84 0.86 
1 0.38 oo) 4 37 37 0.76 0.69 0.69 
V2 0.43 56 53 49 5! 0.9 0.866 0.91 
0.42 57 $2 52 38 0.91 0.91 0.67 
’ 0.42 59 34 36 34 0.58 0.61 0.58 
1/2 0.42 $7 53 55 55 0.93 0.97 0.97 
Fas) 3/4 0.44 54 49 39 0.91 1.00 0.72 
’ 0.44 53 33 30 27 0.62 0.57 0.51 
1/2 0.53 56 54 55 55 0.96 0.96 0.98 
x 3/4 0.51 $5 54 36 27 0.98 0.65 0.49 
t 0.51 a7 3 28 21 0.66 0.60 0.45 
1/2 0.53 48 55 51 54 1.14 1.06 1.12 
cl 3/4 0.53 54 38 24 23 0.70 0.44 0.43 
’ 0.53 52 23 18 5 0.44 0.35 0.29 
1/2 0.51 54 $4 53 54 1.00 0.98 1.00 
1 0.51 57 38 34 25 0.67 0.60 0.44 
x 1/2 0.53 52 43 34 4 0.8 0.65 0.79 
1 0.53 34 13 15 15 0.38 0.44 0.44 
- 1/2 0. 60 54 53 55 38 0.96 1.02 0.70 
. 4 0.57 55 4? 28 19 0.85 0.5! 0.35 
! 0.57 49 20 17 13 0.41 0.35 0.27 
. V2 0.64 as 45 50 29 1.00 1.19 0.6 
4 0.63 42 28 16 16 0.67 0.38 0.38 
0.63 36 13 0.31 0.31 0.36 
¥ V2 0.70 51 $2 36 34 1.02 0.71 0.67 
' 0.68 44 9 ? 7 9.20 0.16 0.16 
x V2 0.70 50 23 29 22 0.46 0.58 0.44 
0.70 a? ? 5 0.17 0.15 
e he 0.79 Ss! 33 29 22 0.65 0.87 0.43 
3/4 0.76 44 15 7 ? 0.34 0.16 0.16 
0.76 44 7 5 0.16 0.14 
V2 0.82 53 33 15 13 0.62 0.28 0.25 
! 0.81 45 4 3 5 0.09 0.07 0.11 
& ay 0.80 48 6 6 4 0.13 0.13 0.08 
——___2.& 29 3 1 1 0.10 0.03 0.03 


PO on individual specimens, including maximum loads and types of 


*s, are given in Tables A-1 and A-4, Appendix A. 


WELDABILITY CARBON-MANGANESE STEELS 


with E6010 Electrodes 


Avg. Angle of Rend at “ex load, Rend-Angle Ratio, 


Degrees® Welded to Unwelded 
Welded Specimens 
Plate Carbon Heat Input, Neat Input, 

Equivalent, tnvelded Thousands Joules/ Inch _Thousemte_Joulee/ 
Stee) Inches — Specimens 70 47 31 7 47 
2 0.37 56 54 49 48 0.96 0.868 0.86 

1c 0.38 54 46 4A 0.85 «40.09 
i 0.38 $2 39 4) 0.7% 0.79 0.85 

1/2 0.43 55 50 52 53 0.9 0.97 

@R v4 0.42 55 52 S! 4? 0.9% 0.93 0.85 
1 0.42 53 377 3 22 0.70 0.66 0.42 
1/2 0.53 57 53 52 0.93 0.90 

zx 3/4 0.51 52 as 39 25 0.87 #O.75 0.48 
1 0.5! 54 28 23 19 0.52 0.43 0.35 
172 0.53 SI $2 53 $1 1.02 1.04 1,00 

a 3/4 0.53 27 21 0.71 0.41 
1 0.53 49 19 17 15 0.39 O.35 0.31 

2 0.60 55 so 52 “5 0.91 0.9 0.62 

x v4 0.57 55 38 2! 17 0.69 0.36 0.31 
0.57 17 15 15 0.33 0.29 0.29 

1/2 0.64 46 48 52 42 1.04 1.09 0.91 

¥ ve 0.63 34 23 16 12 0.66 0.47 0.35 
' 0.63 31 12 10 10 0.39 0.32 0.32 

1/2 0.79 46 ad 40 16 0.96 0.87 0.35 

3/4 0.76 40 ? 0.13 0.17 0.17 
1 0.76 37 7 5 5 0.19 0.14 0,14 


* Data on individual specimens, including maximum loads and types of 
fracture, are given in Tables A-1 and A-4, Appendix A 


with E6020 Electrodes 


Avg. Angle of Bond ot Maz. Load, pong angie Ratio 
Degrees Welded to Unvelded 


Welded imens Specimens 
Plates Carbon Heat Input, Heat Input, 
Steel Ineh Ce. Specimens 3 so 34 
ic 72 0.37 48 an 56 0.94 0.94 1.10 
' 0.38 64 40 40 4 0.63 0.63 0.65 
x 1/2 0.53 56 50 52 $3 0.89 0.93 0.95 
' 0.51 47 22 22 18 OAT 0.47 0.38 
1/2 0.53 48 1.06 1.04 1.06 
0.53 7 18 0.21 0.33 0.35 
a 72 0.53 $2 32 44 40 0.62 0.85 0.77 
0.53 9 10 0.26 0.44 0.29 
1/2 0.60 54 50 50 0.93 0.94 0.93 
0.87 49 12 17 7 0.25 0.35 0.35 
+ 1/2 0, 64 45 48 49 38 1.07 1.09 0.64 
' 0.63 36 6 7 6 0.17 0.19 0.17 
x 1/2 0.70 so 30 34 28 0.€ 0.68 0.56 
' 0.70 6 6 3 0.13 0.13 0.06 
1/2 0.79 3” 35 21 0.7% 0.69 0.41 
0.76 44 2 0.23 0.45 0 
1/2 0.80 48 8 10 8 0.17) 0.21) (0.17 


* Data on individual specimens, including maximum loads and types of 
fracture, are given in Tables A-2 and A-4, Appendix A. 


curves. During the bend test, the notch was watched to 
determine, if possible, the time of occurrence of cracks. 
The direction and rate of progression of the fracture were 
also noted. The observations of initial cracking were not 
entirely reliable because in many instances cracking or 
fracturing was heard before any fissure could be seen in 
the notch. In general, the first visible cracking took 
place at the maximum load. The exception was when 
specimens already had underbead cracks; in these cases, 
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Table 9—Angle-of-Bend Data for As-Rolled Plates Welded 
with E6020 Electrodes 


Avg. Angle of Rend at Max. Load, Bend-Angle Ratic 
Dugrees* Welded to Unwelded 


Welded Specimens 
Plates Carbon Heat Input, 
Steel Inch come Specimens 73 60 
1/2 0.37 56 48 55 ss 0.66 0.98 0.98 
1c 
! 0.38 52 40 40 36 0.77 +#+0.77 0.69 
1/2 0.53 5? 53 52 52 0.93 «40.91 0.91 
2c 
' 0.51 54 20 25 23 0.37 0.46 0.43 
1/2 0.60 55 50 51 50 0.91 0.93 0.91 
x 
1 0.57 5! 13 19 16 0.26 0.37 0.31 


* Data on individual specimens, including maximum loads and types of 
fracture, are given in Tables A-2 and A-4, Appendix A. 


Table 10—Angle-of-Bend Data for Normalized pe Welded 
with E6012 Electrodes 


Avg. Angle of Rend at Max. load, peng Angle Ratio, 
Degrees® Welded to Unwelded 


Welded Specimens Specimens 
Plate Heat Input, Heat Input, 
Thickness, Unwelded -Thousends Joules/Inch 
Steel Inch colin, St Specimers a7 47 31 67 47 31 
1/2 0.37 54 54 1.06 1.06 1.06 
ic 
1 44 44 0.69 0.64 0.69 
1/2 0.53 56 52 52 52 0.93 0.93 0.93 
2c 
' 0.51 4? 2? 23 20 0.57 0.49 0.43 
1/2 0.60 54 5! 50 34 0.9 0.93 0.63 
x 
1 0.57 49 19 19 22 0.39 0.39 0.45 


* Data on individual specimens, including maximum loads and types of 
fracture, are given in Tables A-3 and A-4, Appendix A. 


the underbead crack became easily visible soon after 
plastic bending began. 


Results of Bend Tests 


The average angles of bend at maximum load, for 
specimens of the sixteen test steels welded with various 
electrodes at various heat inputs, are given in Tables 6 
to 10, inclusive. These tables also show the carbon 
equivalents for the various steels and plate thicknesses, 
the average angles of bend for unwelded plates, and the 
bend-angle ratios of welded and unwelded specimens. 

The angle of bend and maximum load for individual 
specimens and a description of the type of fracture are 
given in Tables A-1, A-2, A-3 and A-4, Appendix A. 


Unwelded plates 


It has been suggested by the Steering Committee that, 
if the average bend angle for welded specimens were 
subtracted from the average bend angle for companion 
unwelded specimens, the effect of plate thickness on 
beam stiffness during bending might be cancelled out, 
and the remaining bend angle would represent the true 
effects of cooling rate (which varied with heat input and 
plate thickness) and steel composition on the metal 
adjacent to the weld. 


494-s 


WELDING RESEARCH SUPPLEMENT 


The relation between bend angle and plate thickness, 
for the unwelded specimens, is somewhat erratic, and 
there are also certain unexpected trends, difficult to 
analyze, which make it impracticable to apply the above 
procedure in a detailed study of the data on welded 
specimens. However, an analysis of the difference be- 
tween welded and unwelded specimens has been made, 
and the data are given in a later section of this report. 

Figure 2 shows the bend angles at maximum load for 
normalized plates of all the test steels, and also for as- 
rolled plates of seven selected steels. There was no 
significant difference between the bend angles of normal- 
ized and as-rolled plates, except possibly for Steel 4F. 
In this steel, the bend angle was lower for all thicknesses 
of the as-rolled steel than for the normalized steel, and, 
in addition, the as-rolled */,- and 1-in. plates broke with 
a sudden, complete fzacture at the bend angles indicated. 
The corresponding normalized plates bent without frac- 
ture, except for small, discontinuous cracks at the root of 
the notch (Table A-4, Appendix A). 

Steel 3F also had lower bend angles in the as-rolled 
plates (*/, and 1 in. only) than the normalized plates, but 
none of the 3F specimens fractured rapidly or completely. 

Figure 3 shows that all '/2-in. unwelded specimens 
attained approximately the same bend angle (45~—55°) at 
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Fig. 2—Relation Between Bend Angle and Chemical Composi- 
tion of Unwelded Notched Specimens 
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STEELS ARRANGED IN ORDER OF DECREASING ANGLE OF BEND 
OF |- INCH SPECIMENS (AND APPROXIMATELY IN ORDER OF 
INCREASING CARBON EQUIVALENT) 


Fig. 3—Variation in Bend Angle of Unwelded Notched Speci- 
mens with Plate Thickness and Steel Composition 


maximum load. (The maximum load increased in pro- 
portion to the increase in carbon and manganese.) In 
the thicker plates, however, the bend angle at maximum 
load was different for different steels. In general, it 
decreased as the carbon and manganese increased. The 
unexpected development was that, in some of the softer 
steels (1S, IR, 1C, 2R, 2E and 2F), the 1-in. plates 
attained a higher bend angle than the '/2-in. plates. No 
satisfactory explanation for this behavior is available. 

It is also of interest that almost all of the unwelded 
plates, including the '/2-, */4- and 1-in. thicknesses, and 
all steel compositions, attained the maximum load with- 
out severe fracturing through the root of the notch. The 
only exceptions were some of the plates of Steels 4F and 
4X. 

Failure in most of the unwelded specimens was char- 
acterized by the gradual development of short, shallow 
and discontinuous cracks in the root 
of the notch. Soon after these cracks 
began to form, the maximum load for 
the specimen was attained. When ‘60 


At a meeting of the Steering Committee in April 1946, 
during which a preliminary report of the results of this 
investigation was made, the question arose as to the 
correctness of the carbon equivalent, C + Mn/6. It 
was pointed out that there are several other forms of the 
carbon equivalent, in which the alloying elements are 
weighted in different degrees, and in some of which a 
greater number of elements are considered. It was felt 
that these carbon equivalents might bring out different 
trends, and a study of this possibility was suggested. 

The carbon equivalent of the rolled and cast steels was 
computed using four different formulas. These are 
given in Fig. 4, in graphs which show the relationship 
between chemical composition and a representative 
series of bend angles for welded specimens. The four 
graphs show a remarkable uniformity in the order of the 
plotted points and in the trend of the curves, regardless 
of the formula used for the carbon equivalent. For ex- 
ample, it seems to matter very little whether the manga- 
nese factor is '/s or 1/4; in the upper two graphs, these 
manganese factors were used and the curves are virtually 
identical. 

However, there is an appreciable shift of the points for 
some steels when a silicon factor is added. In the lower 
left-hand graph of Fig. 4, for the carbon equivalent C + 
Mn/4 + Si/4, the points for the cast steels, 2X, 3X and 
4X, have shifted to the right and fall very well in line 
with the other points. This shift reflects the greater 
silicon content of the cast steels. There is also a slight 
shift to the left for Steels 1R, 1S, 2R and 2S, relative to 
the other points, because these steels have very low sili- 
con contents. 

The lower right-hand graph in Fig. 4 is for the carbon 
equivalent proposed by Edson.' This equivalent in- 
cludes the effect of carbon, manganese, nickel, chromium 
and copper (and also molybdenum and vanadium, which 
were not used in the present computations because they 
are not present in sufficient quantity in the steels). 
However, the Edson number does not have a silicon fac- 
tor, and therefore the general appearance of the curve is 
the same as for the two upper graphs, in which only car- 
bon and manganese are considered. 
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the bending was continued beyond the 
point of maximum load, there was no 
marked increase in the rate of frac- 
ture; the small cracks slowly de- 
veloped in length and width, and 
probably in depth. Anticipating the 
results!of tests on welded specimens, 
it may be stated here that, in the 
welded specimens (even in the softer 
steels), the fracture at maximum load 
was more definite, and proceeded 
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than in the unwelded specimens. 


Welded Plates 


The Carbon Equivalent.—The car- 
bon equivalent, C + Mn/6, has been 
used by several investigators to show 
the relationship between the chemical 
‘omposition and various other proper- a 8 
lies of the heat-affected zone. It was 
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Fig. 5—Relation Between Chemical 

Composition and Bend-Angle Ratio, 

Welded to Unwelded Specimens, for 
1/,-In. Normalized Plates 
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Fig. 6—Relation Between Chemical 

Composition and Bend-Angle Ratio, 

Welded to Unwelded Specimens, for 
5/,-In. Normalized Plates 
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Fig. 7—Relation Between Chemical 

Composition and Bend-Angle Ratio, 

Welded to Unwelded Specimens, for 
1-In. Normalized Plates 


Numerous pairs of graphs were plotted, one using the 
carbon equivalent C + Mn/6, and the other, C +Mn/4 
+ Si/4. Allthe important trends were indicated equally 
well by both carbon equivalents. However, by using 
the equivalent with the silicon factor, there seemed to be 
a somewhat better lineup of the points; this indicated 
that silicon should be considered in a study of the effect 
of chemical composition, particularly since several of the 
steels have appreciably high silicon. Therefore, in all 
the graphs to follow where chemical composition is stud- 
ied, the carbon equivalent, C + Mn/4 + Si/4, has been 
used. 

(It will be noted that the four graphs of Fig. 4 are 
plotted with different scale factors for the abscissa. In 
an original graph of this figure, the same scale was used 
for all carbon equivalents. That is, for Ni, Nz and N;, 
the spacing between ‘‘0.30,’’ “0.40,” “0.50,” etc., was 1 
in.; and for Ny, the spacing between ‘‘200,”’ ‘‘300,”’ and 
“400° was also 1 in. Consequently, each of the four 
graphs occupied a different width, and the shape and the 
slope of the curves were different. This difference in 
shape and slope is not significant, because the dimensions 
of the ordinates are arbitrarily chosen in any case. 
Therefore, the horizontal scale of the four graphs was 
adjusted so that the spread between Steels 1R and 4E 
would be approximately the same. It is believed that 
the adjusted graphs, shown in Fig. 4, present a more 
nearly true picture of the relation between the four car- 
bon equivalents. ) 

Difference in Bend Angle Between Welded and Unwelded 
Plates —Figures 5, 6, 7 and 8 show the relation of chemi- 
cal composition to the bend-angle ratio between welded 
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met 
and unwelded specimens, for normalized plates welded stes 
at various heat inputs with E6010 electrodes. Figures larg 
9, 10 and 11 give the same data for welds made on as spec 
rolled plates. In general, the welded specimens ha‘ in ti 
lower bend angles than corresponding unwelded speci tive 
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mens. An exception was the '/>-in. plates of the softer 1-in. normalized plates, welded with E6010 electrodes at 


steels; in these, the welded specimens sometimes had a 
larger bend angle than the corresponding unwelded 
specumens. A possible explanation for this may be that 
in the thin plates, the heat-affected zone occupies a rela- 
tively large portion of the thickness. The region sur- 
rounding the notch is consequently quite resistant to 
bending, and considerable bending may occur in sections 
away from the notched section before sufficient yielding 
in the notch root takes place to produce cracking and 
failure (maximum load). It is not understood why this 
should not also be the case for the harder '/2-in. steels, 
but probably in these, the degree of hardening or loss in 
ductility is so great that the ‘‘strengthening”’ effect in the 
rest of the notch region does not, manifest itself. 

_Figure 8 is a graphical representation of the trends in 
Figs. 5, 6 and 7. It shows that the reduction in bend 
angle (from unwelded to welded specimen) was greatest 
lor the l-in. plates, and that in this thickness an increase 
im the heat input from 31,000 to 70,000 joules per inch 
produced only a small improvement in the bend angle of 
the welded specimens. For */,-in. plates, there was a 
greater improvement with increasing heat input. For 
/ rin. plates, an increase in heat input also improved the 
bend angle, but only for the harder steels. On the whole, 
the most significant factor affecting the bend angle was 
that of the carbon equivalent. 

Effect of Chemical Composition on Bend Angle.—The 
effect of various factors on the bend angle of welded speci- 
ae is best illustrated by graphs which use the actual 
—— angle rather than the bend-angle ratios. Figures 12, 
» and 14 show the average bend angles for '/2-, */4- and 
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various heat inputs, plotted against the carbon equiva- 
lent. These curves show that, for any given combina- 
tion of plate thickness and heat input, the bend angle 
decreases with increasing carbon equivalent. This de- 
crease is particularly noticeable for the thicker plates and 
the lower heat inputs. 

A point that may be of interest, in Fig. 12, is that all of 
the '/:-in. steels with a carbon equivalent of less than 
about 0.60 had an angle of bend of about 55°, regardless 
of the heat input. It is possible that this uniformity in 
angle of bend is a false indication, since the 55° level may 
be a ceiling imposed by the testing technique (ratio of 
plate thickness to span of bending jig, ratio of notch 
depth to plate thickness; bending in the unaffected plate 
outside of the weld zone) rather than a true ceiling indic- 
ative of uniform level of weldability of the '/»-in. Type 
1 and Type 2 steels. It has been suggested by C. E. 
Jackson, L. C. Bibber and others, that the notched-bead 
slow-bend test does not give the best results when used on 
thin plates. For ductility tests of thin welded plates 
some other design, such as the tee-bend test, may be more 
useful. 

In any case, the data for */,- and 1-in. plates, Figs. 13 
and 14, show that with the more rapid cooling rates im- 
posed by these thicknesses, there is a difference in the 
ductility of the heat-affected zone (as reflected in the 
angle of bend) of the Type 1 and Type 2 steels. 

The above graphs also indicate the incidence of under- 
bead cracking prior to the bend test. Referring to Fig. 
12, it is interesting that Steel 4E, welded at 70,000 joules 
per inch, had an average angle of bend of 33°, even 
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- though one of the four specimens contained underbead 
cracks (the cracked specimen had a bend angle of 28°). 
This suggests either that the bend test will sometimes 
indicate a favorable state of ductility in the heat-affected 
metal even though it is cracked; or, more probably, that 
for the '/»-in. plates, the 33° angle is largely bending out- 
side of the weld zone, and does not give a correct indica- 
tion of the ductility of the very narrow hardened zone 
beneath the weld. 

Effect of Cooling Rate on Bend Angle.—Figures 12, 13 
and 14 also show the effect of cooling rate on the angle 
of bend, the cooling rate being a function of the plate 
thickness and the welding current and speed. Consider- 
ing first the effects of heat input, the graphs show that 
for the high-carbon equivalent '/2-in. rolled steel plates, 
an increase in heat input from 31,000 to 70,000 joules 
per inch almost doubles the angle of bend. For lower 
carbon-lower manganese '/2-in. rolled steels, the improve- 
ment in bed angle is not so great when the heat input is 
raised, and, at a carbon equivalent of about 0.50 and 
less, it makes no difference whether the heat input is 
high or low. (The observed insensitivity of the soft '/2- 
in. plates to differences in heat input may be, as men- 
tioned in a previous paragraph, the result of an artificial 
ceiling imposed by the design of the test specimen, and 
by the testing technique.) The */2-in. cast steels were 
rather indifferent to change in heat input. 


Considering now the other extreme, 1-in. rolled stee| 
plates, when the carbon equivalent was high, the angle 
of bend was quite low even for the highest heat input, 
and there was no difference in the angle of bend for the 
high and low heat inputs. For intermediate carbon 
equivalent, there was some improvement in angle of 
bend when the heat input was raised from 31,000 to 
70,000 joules per inch. For the lowest carbon equiva. 
lent, there was, as for the '/2-in. plates, virtually no 
improvement in bend angle with increasing heat input, 
the explanation being that for this soft steel even the 
fastest cooling rate (31,000 joules per inch) did not cause 
sufficient hardening in the heat-affected zone to depress 
the angle of bend. As before, increasing the heat input 
did not increase the bend angle for the cast steels. 

The effect of plate thickness on the cooling rate, and 
consequently on the angle of bend, is more difficult to 
analyze because the difference in plate thickness existed 
not only during welding, but during the bending of the 
specimens. The difference in angle of bend for the '/,- 
and 1-in. plates is partly the effect of the differences in 
cooling rate during welding, and partly the effect of the 
difference in beam stiffness. Ina previous report,’ a brief 
study of this problem was discussed. 

As-Rolled vs. Normalized Steel—Figures 15 to 19, 
inclusive, give a comparison of the bend angle for rolled 
steels welded in the as-rolled and normalized conditions. 
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Fig. 12—Relation Between Chemical 
Composition and Bend for '/,-In. 


Normalized Plates, Welded with E6010 
Electrodes 
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Fig. 13—Relation Between Chemical Fig. 
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Fig. 15—Comparison of Bend Angles of 

1/In. As-Rolled and Normalized Plates 

of Various Steels, Welded with E6010 
Electrodes 


The over-all indication, for various steel compositions, 
plate thicknesses, heat inputs and electrode types, is that 
there is no difference in the heat-affected zone between 
the as-rolled and normalized steels, in so far as the angle 
of bend reflects the ductility of the heat-affected zone. 
Furthermore, the normalizing treatment had no detect- 
able influence on the underbead cracking of the high- 
carbon equivalent. 

Effect of Electrode Type on Bend Angle.—Figures 20 
and 21 show the bend angles of rolled steel specimens 
welded with E6010, E6012 and E6020 electrodes at three 
levels of heat input. The curves for both the '/2- and 
ln. plates shown that there was no consistent difference 
in the bend values for the three electrodes. That is, 
all other conditions being equal, the three electrodes pro- 
duced the same heat effect. 

Figure 22 shows the bend angles for cast steels welded 
with E6010 and E6020 electrodes at three heat-input 
levels. The indication is that there is no difference in the 
— of E6010 and E6020 electrodes on the bend 
angie, 

A few tests were also made to compare the influence of 
® high-hydrogen electrode (E6010) with that of a con- 
trolled-hydrogen electrode (Tent. E6015). The results 
“re given in Fig, 23, and show that, as far as angle of bend 
‘Sconcerned, there is no significant difference in the heat 
eflect_ produced by the two electrode types. There is, 
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Fig. 16—Comparison of Bend Angles of 


3/,-In. As-Rolled and Normalized Plates 
of Various Steels, Welded with E6010 
Electrodes 
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Fig. 17—Comparison of Bend Angles of 

Lin. As-Rolled and Normalized Plates 

of Various Steels, Welded with E6010 
Electrodes 


however, a very important difference in the action of the 
electrodes on underbead cracking. The steel used im 
these tests cracked under almost all welding conditions 
(Table 5) when the E6010 electrode was used, but no 
underbead cracks were found in the '/:-in. plates welded 
with the controlled-hydrogen electrode. A few addi- 
tional tests on Steel 4F showed that underbead cracks 
were not produced by the low-hydrogen electrode even 
in the l-in. plate thickness, and without preheat. 

Figure 23 also indicates that underbead cracks in the 
'/,-in. notched-bead bend specimens do not reduce the 
angle of bend, as might be expected. However, it would 
be desirable to make similar bend tests on 1-in. specimens 
of Steel 4F, with and without underbead cracks, before 
any conclusions are made concerning the effect of under- 
bead cracks on the bend angle. 

Fine-Grained vs. Coarse-Grained Steels—When the 
program for this investigation was being planned, grain 
size was recognized as a factor which might have an effect 
on the weldability of the carbon-manganese steels. Two 
pairs of steels, 2F-2C and 3F-3C, were included in those 
available for the investigation; one steel of each pair a 
fine-grained steel (F) and the other a coarse-grained steel 
(C). The carbon equivalents of the 2F and 2C steels 
were nearly the same, but the 3F and 3C steels differed 
by 0.06% (Table 3, */,- and 1-in. plates). 

The results of the bend tests on these steels showed that 
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the fine-grained steels had lower bend ductilities than the 
coarse-grained steels. This was contrary to what was 
expected from consideration of normal hardenability 
_ theory, which states that the coarse-grained steel should 
be the deeper hardening, and would therefore be expected 
to have the lower bend ductility. 

The hardenabilities of the four steels were calculated 
from their chemical compositions, using Grossman’s* 
factors and also those proposed by Kramer, Siegel and 
Brooks.‘ These calculated hardenabilities gave higher 
values for the fine-grained steels, suggesting that harden- 
ing elements not included in the carbon equivalent might 
be important factors in modifying the results of the bend 
tests. This subject is being given further study. Two 
other carbon-manganese steels have been obtained, both 
' from the same heat and of more nearly equal chemical 
composition than either 2F-2C or 3F-3C. One steel was 
treated for fine grain and the other for coarse grain in the 
ingot. These steels will be used in future work, to deter- 
mine the effect of grain size on the weldability of carbon- 
manganese steels. 

Relation Between Bend Angle and Underbead Hard- 
ness.—Because of limitations in the scope of the present 
project, it was not possible to make hardness surveys on 
the central sections of welded plates from all of the sixteen 
test steels. However, underbead-hardness data for the 
steels were already available from a previous investiga- 


tion,® and were used in conjunction with the angle-of. 
bend data obtained in this investigation to prepare the 
graphs shown in Fig. 24. It was necessary to interpolate 
the angle-of-bend values for a heat input of 57,000 joules 
per inch, since this was the approximate heat input used 
in the deposition of 3-in. beads on 1-in. plates with 
5/\e-in,-diam. E6010 electrodes, for the hardness tests 
reported in 1942. So far as plate thickness and composi. 
tion, electrode size and type, and initial temperature are 
concerned, the hardness tests and the angle-of-bend tests 
are similar. The only difference is that in the hardness 
tests the length of bead was about 3 in., while in the 
angle-of-bend tests the length of bead was about 5! , in. 
This means that the over-all cooling rate was probably 
somewhat slower for the plates with 5'/2-in. beads. No 
adjustment has been made for this possible difference. 
The graph shows that, for a given set of welding condi- 
tions, there is a definite relationship between the hard- 
ness and the ductility of the heat-affected zone adjacent 
to weld beads. It has been suggested by several investi- 
gators that the approximate permissible maximum under- 
bead hardness, for satisfactory weldability, is about 350 
Vickers. This has been supported by the results of the 
previous investigation, in which it was shown that under- 
bead cracks were never found in the carbon-manganese 
steels when the maximum underbead hardness was less 
than 370 Vickers. It has also been suggested that the 
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Fig. 20—Comparison of Bend Angles of 
1/In. Normalized Plates of Various 
Steels, Welded with Various Types of 
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HEAT INPUT FOR WELDED SPEC|MENS 


arbitrary minimum bend angle for, satisfactory weldabil- 
ity may be around 20°. Figure 24 shows that, at least 
for 1-in. plates and the specific welding conditions indi- 
cated, the two criteria are in agreement. For thinner 
plates, however, it appears that the minimum bend 
angle (corresponding to 350. Vickers hardness) should be 
somewhat higher, say 35 to 40°. (These comments 
should be taken with a grain of salt; there is still the 
problem of trying to separate beam effect from heat effect 
in a comparison of specimens of different thicknesses.) 


Calculations of Probable Weldability Level, Using the 
Bend-Angle Data and a Modification of the Lehigh Sys- 
lem 


in attempting to determine the applicability of the 
angle-of-bend data in the simplified Lehigh system for 
predicting welding conditions, as set forth in C. H. Jen- 
nings’ letter of October 4, 1944, to the Steering Subcom- 
mittee, numerous problems were worked out. However, 
it is thought that the results of the problems are not de- 
pendable, and that a true test of the applicability of the 
system to the results of bend-test data must be post- 
poned until more knowledge is available about the effect 
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Fig. 22—-Comparison of Bend Angles of Cast Steels Welded 
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of the geometry of the bend specimen and test jig on the 
bend-test results. 


Discussion of the Notched-Bead Slow-Bend Test 


Consistency of Results.--With a few persistent excep- 
tions in the thinner plates, the difference in bend angle 
for duplicate pairs of specimens was quite small. Of 276 
pairs of welded specimens (1 pair to a plate, Fig. 1), only 
36 pairs had a difference of more than 5°, and only 12 
pairs a difference of more than 10°. The average scatter 
for the welded pairs was about 3°, and for the unwelded 
pairs, about 1 to 2°. 

Broadly speaking, the scatter in pairs of individual 
bend-angle values, or in groups of average values, was 
greater for the higher carbon-higher manganese steels 
(e.g., 4E, 4F and 4X). 

At the April meeting of the Steering Committee it was 
requested that the scatter of some of the specimens be 
checked with duplicate tests. This was done and the 
following results were obtained: 


Bend 


Angle of 


Plate Heat at Maximum Load, Degrees 
Thick- Plate Input, First Test Check Test 
ness, Con- Joules/ Spec. Spec. Spec. Spec. 
Steel In. dition In.* 1 2 l 2 Av. 
2C tf A.R. 47,000 36 48 31 40 39 
3F 3/4 A. R. 70,000 18 29 19 25 23 
4F 1/, N 47,000 24 42 17 31 29 
4F 1/, N 70,000 28 35 31 37 33 
4E I/o N 70,000 46 28 35 22 33 


* All welds made with */,,.-in. E6010 electrodes. 


The values in the previous table are representative of the 
greatest scatter found between pairs of values. In all 
five cases, the check test showed the same order of scatter 
as the original test. This suggests that some of the steels 
or some of the welding conditions, or a combination of 
both, produce bend specimens in which the variation in 
bend angle from specimen to specimen is naturally wide. 

As for the reproducibility of the average bend-angle 
values, this can be judged from graphs such as Figs. 15 to 
23, inclusive.. In these graphs, the major variable was 
either the condition of the plate before welding, or the 
type of electrode. Granting that these variables had no 
significant effect on the bend angle, it can be assumed 
that the tests are really duplicates or triplicates. The 
curves in any one graph fall close together; the average 
bend-angle difference at any point is about 5° and, at 
the most, 10°. It may be concluded that, in general, the 
average bend angle for a given set of conditions is repro- 
ducible to about 5—10°. 

The maximum loads varied within sets of individual 
specimens, and in the average values for duplicate runs, 
in about the same order, or perhaps slightly less, than the 
bend angles. 


Tests of Different Plate Thicknesses ° 


The prime objective of a ductility-weldability test is 
to make a relative evaluation of the reaction of various 
types of steel to various welding conditions. One of 
these welding conditions is cooling rate, and cooling rate 
is influenced by several factors, among therm plate thick- 
ness. It is, of course, desirable to introduce plate thick- 
ness as a variable in the welding conditions, but a draw- 
back of the present bend test is that this variable is car- 
ried on from the welding into the bending test. As the 
notch depth is the same for all specimen thicknesses, and 
a loading pin of the same radius has been used, it is obvi- 
ous that the stress and strain conditions at the notch must 
be quite different for different specimen thicknesses. 
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Fig. 24 Relation Between Bend Angle and Underbead Hard 
ness of Welded Specimens of Various Steels 


2) 


T 


(1) Pend-angle data for 5'/,-in. weld beads and 57,00 
per inch heat input, interpolated from detail curves; (2) hara 
data for 3-in. weld beads and 57,000 joules per inch heat 
from table 5, p. 456-s, Welding Journal, Oct. 1942. Data for 
plates interpolated; (3) all welds made with */,«-in. E60! 
trodes. 


For example, suppose test welds are made on two plates 


of the same steel, one plate being twice as thick as th 
other. The welding conditions can be adjusted, by “ 
creasingsthe cooling rate in the thicker plate, so thal the 


heat-affected zone is essentially the same in hardies 


gradient and depth in both thicknesses. _ It is reasonabl 
to assume, then, that the ductility of the heat-atlecte 
metal is also identical in the two specimens. [or the 
notched-bead slow-bend test to give the same results 10" 
the two specimens, it is necessary that the strain com! 
tions at the base of the notch be the same for the t' 
thicknesses. Analysis of the bend test shows that the 
strain in any element of a bend specimen depends 0” the 
angle of bend and the distance of the element ‘or nie 
neutral axis. The distance of the notch root or the tus! 
line from the neutral axis in a welded specimen is 4 'U"" 
tion of the thickness of the specimen and cannot be kept 
constant from one thickness specimen to another age 
sequently at a given bend angle, the strain at the root ‘ 
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the notch will be different for the two specimens under 
-opsideration. Since the strain conditions differ in the 
two specimens, they will fail at different bend angles, even 
though the heat-affected zones have the same ductilities. 

Che restrictions imposed on notch dimensions in 
welded bend specimens make it necessary to change the 
test if a direct comparison of the effect of plate thickness 
is wanted. One way in which this might be done is to 
machine all bend specimens to a standard thickness and 
then compare the bend-test results of the standard thick- 
ness specimens. 

It is believed that, with the present testing technique, 
, direct comparison of notched-bead bend tests on plates 
of different thicknesses should not be made, since a satis- 
factory compensation cannot be made for the influence 
of plate thickness on beam stiffness during bending. 


Tests of Thin Plates 


In the discussion of the relationship between chemical 
composition and bend angle of '/2-in. normalized plates, 
it was noted that for the higher heat inputs almost all of 
the Type 1, Type 2 and Type 3 steels had approximately 
the same bend angle. When the same steels were tested 
in the */,- or 1-in. thickness, however, there was a dis- 
tinct reduction in bend angle as the carbon equivalent 
increased from Type 1 to Type 3. This suggests that 
there is indeed a difference in the reaction of the different 
types of steel to a given welding heat input; but if '/2-in. 
notch-bead bend specimens are used, the difference in 
reaction cannot be measured. 

That there is a difference in the reaction to welding 
heat, between the '/s-in. Type 1 and Type 2 steels, is 
iurther demonstrated in the top graph of Fig. 24, which 
shows the increase in maximum underbead hardness as 
the carbon and manganese content increases. 

It is quite probable that the insensitivity of the '/2-in. 
plates in the bend test is caused by the relation between 
the plate thickness, span of the bending jig and the radius 
‘o which the specimen is bent. 


!emperature of Test 


In the past two or three years, more and more atten- 
tion has been given to the behavior of steels at low tem- 
peratures, and this has been studied by notched-bar tests 
at various temperatures, to determine the transition tem- 
perature range in which the type of fracture changes from 
(uctile to brittle. It has been suggested that the weld- 
ability study of the carbon-manganese steels is incomplete 
i only room-temperature behavior of the notch-bead 
‘low-bend specimens is considered. The point is that, 
it low temperatures, some of the steels which now exhibit 
good ductility in the bend test might show much less 
ductility, while other steels would retain their ductile 


ehavior until a still lower temperature had been at- 
tamed. 


Conclusion 


7 lt is the broad conclusion that the notched-bead slow- 
vend test provides a useful measure of the reaction of 
‘arious steels to the heat of welding. The indications 
re that the most reliable tests are obtained with steels 
with carbon equivalents on the low side, and with plates 
thicker than in. 

Chere is a definite relationship between the bend-angle 
‘uctility and the maximum hardness in the heat-affected 
‘one, At least for the present series of carbon-manga- 
‘ese steels, it is possible, from the available data for a 
siven set of welding conditions, to predict the approxi- 
— bend angle if the maximum hardness in the heat- 
“lected zone is known. There are, however, indications 
‘Mat the relationship between hardness and bend-angle 
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ductility varies somewhat with other conditions, for 
example, heat input. 

The notch-bead bend test is rather insensitive to under 
bead cracks which form in the heat-affected zone during 
or soon after welding. Specimens with underbead 


cracks have attained bend angles of 25 to 35°. If the 
decision as to the weldability of a steel is based solely on 
the bend test, it is possible that occasionally a steel might 
be approved which is likely to crack under the existing 
welding conditions; or a welding procedure might be 
approved under which a steel, normally not crack sensi 
tive, would tend to crack in the heat-affected zone. It 
would seem that, in an over-all appraisal of the weld- 
ability of a steel, the first, or screening, test should be to 
determine its cracking tendency under various welding 
conditions. 
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APPENDIX A 
Detailed Bend-Test Data 


TYPE 1 FRACTURES 


CRACK STARTS IN WELD 
METAL AT ROOT OF NOTCH 
(la), PROGRESSES INTO 
HEAT-AFFECTED ZONE AS 

. SINGLE CRACK (ib), OR 
SPLITS INTO TWO 
CRACKS (lc). 


71 la 
1 Ib 
ic 
OCCASIONALLY, TYPE 1 


FAILURE STARTS IN 1d 
TWO SEPARATE WELD- 
METAL CRACKS (id) 


TYPE 2 FRACTURES 


CRACK STARTS ALONG 

HARD LINE IN HEAT - 

AFFECTED ZONE (20), 2b 
PROGRESSES UP INTO 

WELD METAL AND DOWN 

IN HEAT-AFFECTED ZONE 


Fig. Al—Development of Fractures in Notched-Bead Slow- 
nd Specimens 
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Appendix A, Table A-l1—Results of Bend Tests of Specimens Welded with E6010 Electrodes 


High Heat Input (70,000 J.P.1.) Medium Heat Input (47,000 J.P.1.) Low Heat Input (31,000 J.P.r1.) 


Angle of Angle of . Angle of 
_ Plate Plate Max. Bend at Characteristics Max. Bend at Characteristics Max. Bend at Characteristics 
Steel Treatment Thickness, Load, Max. Load, ®4 prageens 3 Load, Max. Load, and Progress of Load, Max. Load, and Progress of 8: 
Type (1) In. Lb. Degrees Fracture Ib. _ Degrees Fracture Ib. _ Degrees Fracture (3) 
IR N 1/22) 3.450 55 NONE 3,350 55 NONE 3,600 57 None = 
. . 1/2 (2) 3,450 55 NONE 3,300 55 NONE 3,400 57 NONE 
* . 3/4 10,000 53 la-1b 7,800 53 la-1b 9,500 50 la-1b ' 
3/4 9,700 53 la-1b 7,900 53 la-1b 9,400 49 la-1b 
1 14,650 50 la-1b 14,200 49 la-1b 14,050 47 la-1bee 
1 14,800 52 la-1b 14,500 49 la-1b 13,850 46 la-Ib 
1S N 1/2 3,100 53 NONE 3,250 55 NONE 2,950 53 NONE . 
* . 1/2 3,150 54 NONE 2,950 55 NONE 2.950 54 NONE . 
3/4 9,850 53 la-1b 7,800 56 la-1b 7,600 55 la-1b 
3/4 9.950 57 la-1b 7.950 57 NONE 7,650 57 la-Ib 
1 13,850 50 la-1b 13, 600 47 la-1b 13,100 49 la-le 
1 13,400 43 la-le 12,600 47 la-1b 13,200 49 la-Ib 
1c N 1/2 3,900 53 NONE 3,900 54 NONE 3,700 55 NONE : 
1/2 3,950 55 NONE 3,750 57 NONE 3,650 53 NONE 
3/4 9,950 53 10,800 49 la-1b 8,450 49 la-Ib 
. 3/4 9,550 51 la-1b 9,450 43 la-1b 8,400 44 la-1b 
1 15,500 41 la-1b 15,200 38 CRACKS AT NOTCH 15,200 37 la-1b 
ROOT ONLY 
° . 1 15,500 4 CRACKS AT NOTCH 15,300 36 CRACKS AT NOTCH 14,700 37 la-le “s 
ROOT ONLY ROOT ONLY . 
* ALR, 1/2 4,050 53 NONE 3,900 49 NONE 3, 850 47 NONE . 
. . 1/2 4,000 54 NoNE 3,900 49 NONE 3, 850 49 NONE 
bd ® 3/4 10,850 45 CRACKS AT NOTCH, 10, 600 47 CRACKS AT NOTCH 10,200 49 CRACKS AT NOTCH wd 
ROOT ONLY ROOT ONLY ROOT ONLY ‘ 
d ® 3/4 11,000 46 CRACKS AT NOTCH 10,650 49 CRACKS AT NOTCH 10,300 52 la-lb 
ROOT ONLY ROOT ONLY ® 
. ® 1 16,600 41 CRACKS AT NOTCH 15,700 41 CRACKS AT NOTCH 17,200 44 CRACKS AT NOTCH . 
ROOT ONLY ROOT ONLY ROOT ONLY ‘. 
e ® 1 15,400 36 la-1b 15,150 41 CRACKS AT NOTCH 15, 800 44 CRACKS AT NOTCH 
ROOT ONLY ROOT ONLY ° 
2R N 1/2 4,150 51 NONE 3.850 49 NONE 3,750 49 NONE ® 
. * 1/2 4,000 55 NONE 3,850 49 NONE 3,650 53 NONE : 
3/4 10.450 53 NONE 9,450 51 la-1b 9,350 36 la-Ib 
3/4 10, 100 50 la-1b** 9,300 53 la-1b** 9,100 40 la-Ib 
1 15,100 34 la-1b 15,150 37 la-1b 14,250 34 la-1b%* 
1 15,050 34 la-1b 15,000 35 la-1b 14,050 34 la-1b 
. ALR. 1/2 4,000 50 NONE 3,650 52 NONE 4,000 53 NONE * 
sd e 1/2 4,100 50 CRACKS AT NOTCH 3,750 52 NONE 4,000 52 NONE 
ROOT ONLY 2E 
® ® 3/4 9,900 54 CRACKS AT NOTCH 8,850 52 la-1b** 8, 800 48 la-1b** . 
ROOT ONLY 
3/4 9,800 50 la-lb** 9,150 50 Craces 9,100 46 CRAcks 
1 14,800 38 CRACKS AT NOTCH 13,700 la-1b** 15.400 22 la-1b 
ROOT ONLY 
. . 1 15,050 36 la-1b 14,300 36 CRACKS AT NOTCH 15,750 22 le-Ib 
2s N 1/2- 3,350 53 NONE 3,350 55 NONE 3,250 55 NONE 
2 . 1/2 3,300 53 NONE 3,600 54 NONE 3,200 55 NONE 
. 3/4 9,000 46 la-1b** 8,200 55 la-1b 8,150 35 la-1b 
. . 3/4 9,850 51 la-1b 8,100 53 CRACKS AT NOTCH 8,000 43 la-Ib 
ROOT ONLY 

1 15,000 32 la-1b 14,500 32 la-1b** 13,450 28 la-1b°* 

1 14,600 34 la-1b 14,200 28 la-1be* 12,500 25 Stee! 
2c N 1/2 4.150 53 NONE 3.900 55 NONE 4,000 55 NONE Type 
. . 1/2 4,300 54 NONE 3,800 54 NONE 3,850 54 NONE 3E 
3/4 10,150 55 la-1b** 10,300 31 la-1b 8; 600 27 la-1b** 
3/4 10,000 53 la-1be* 10,550 40 la-1b 8,600 26 la-1b 
1 16,200 34 la-1be* 15,650 30 CRACKS AT NOTCH 14,050 21 la-1b** 

ROOT ONLY 
1 15,050 28 la-1b** 14,700 25 la-le 13,650 21 la-Ib 
. ALR, 1/2 4,350 50 NONE 4,150 50 NONE 4,400 49 NONE é 
. . 1/2 4,350 55 NONE 4,200 53 NONE 4,450 53 NONE " 
10,000 49 la-1b** 9,000 36 la-1b** 8,150 26 la-1b** 
0,050 40 CRACKS NoTeH 9,500 48 CRACKS AT NOTCH 7,800 24 la-1b 
. 1 16,450 28 la-1b 14, 100 21 13, 100 18 la-1b** 
1 15,850 28 la-1b** 14,500 24 CRACKS AT NOTCH 13,900 19 la-1b** 
ROOT ONLY 
oF N 1/2 4,450 57 NONE 4,300 51 NONE 4,350 55 NONE ? 
° ° 1/2 4,450 53 None 4,200 51 NONE 4,450 53 NONE 
3/4 9,600 39 la-1b** 8,950 23 la-1b 7,950 21 3x 
374 - 9,150 36 8,850 25 la-1b 8.450 24 la-Ib 
~-le 
: 1 14,800 21 CRACKS AT NOTCH 14,100 18 CRACKS AT NOTCH 13, 800 15 la-l . 
1 15, 5 - 
600 2 la-1b 14,500 18 CRACKS AT NOTCH 
® A.R. 1/2 4,800 50 NONE 4,550 52 NONE 4,300 49 NONE ® 
“ nd 1/2 4,350 53 NONE 4,450 53 NONE 4,400 52 NONE ® 
- 10,250 42 la-1b** 10,350 26 la-1b 8, 600 17 le-1b** 
e ® 3/4 10,000 30 la-1b** 10, 100 27 Ja-1b 8,650 24 CRACKS AT NOTCH 
ROOT ONLY 
13,750 18 la-1b 13,600 16 la-1b 13,100 14 
14,100 19 Ja-1b 13,450 18 la-1b 13,650 15 la-1b** Plate 
3c N 1/2 4,700 49 la-1b** 4,950 55 la-1b** 4,500 36 2a-2b iT 
1/2 4,400 57 None 4,850 55 NONE 4,300 39 bad 
3/4 10,250 44 la-1b** 8,900 26 la-1b 6,750 17 2a-2d F 
3/4 10,200 49 la-1b%* 9,050 29 2a-2b 7,050 20 2a-2b 
° 1 14,000 18 13,300 16 la-1b 11,900 10 2a-2d * Chee! 
1 14,700 22 CRACKS AT NOTCH 13,400 18 la-1b 12,200 15 20-20 
ROOT ONLY ** Cra 
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Table A-1 (Continued) 


High Heat Input (70,900 J.P.1.) 


Medium Heat Input (47,000 J.P.1.) 


Low Heat Input (31,000 J.P.1.) 


Angle of Angle of Angle of 
Plate Plate Max. Bend at Characteristics Max. Rend at Characteristics Max. Bend at Characteristics 
Steel Treatment Thickness, Load, Max. Load, and Progress of load, Max. Load, and Progress of Load, Max. Load, and Progress of 
Type (1) In. Ib. Negrees Fracture (") Ib. Degrees Fracture ‘) Ib. Degrees Fracture (9) 
3C 1/2 4,900 50 NONE 5,000 52 NONE 4,800 45 
7 1/2 5.050 50 NONE 5,000 52 NONE 4,650 45 ta-1b** 
7 3/4 9,900 36 la-1b** 8,850 18 la-1b** 7,800 17 2a-2b°* 
3/4 9,700 39 9,200 23 la~1b** 17 2a-2b°* 
1 14,900 18 la-1b 13,500 15 2a-2b*%* 13,150 15 2a-2b%* 
1 14,200 16 la-1b** 13,100 15 la-1b 13,350 15 2a-2b 
+ N 1/2 4,700 46 le~1b 4,700 50 NONE 4,250 28 2a-2 
. 1/2 4,650 44 la-1b 4,600 50 4,300 29 la-1b 
. . 3/4 8,800 26 la-1b** 8,500 16 2a-2b 8,200 16 2a~-2b 
3/4 9,300 30 1le1b** 8,500 16 2a-2b 7,850 15 2a-2b 
. . 1 14,050 10 2a-2b 13,700 8 2a~2b 13,500 13 2a-2b 
. . 1 14,800 12 la-1Ib 13,000 13 2a-2b 13,700 13 2a-2b 
7 A.R. 1/2 5,050 46 la-1Ib** 4,850 50 NONE 4,900 39 la-Ib 
1/2 4,950 50 la-1b** 4,90 53 NONE 4,900 45 la-Ib 
. . 3/4 9.300 18 la-1b** 7,800 13 2a-2b 8,300 12 2a-2b** 
. 3/4 10,600 29 la-Ib** 8,900 18 la-Ib 8.300 12 2a-2b 
1 14,000 10 2a~2b 14,650 2a~-2b 15,300 10 2a-2b%* 
= 
1 16,000 14 14,800 10 2a-2b 14,800 10 2a-2b 
aF N 1/2 4,650 28 CRACKS AT NOTCH 4,550 2a-2b 4,400 18 2a-2b 
ROOT ONLY 
. ® 1/2 4,850 35 CRACKS AT NOTCH 5.200 42 la-1b 4,650 26 2a-2b 
ROOT ONLY 
1/2'4) 4,800 3 la-1b 4,250 17 
1/2'4) 5.000 37 la-Ib 4,800 31 la-1b 
. ° 3/4 9,750 13 2a-2b 8,700 7 2a-2b 9,050 7 2a-2b 
9,900 16 la-1b 8,550 7 2a-2b 8.700 7 2a-2% 
. . 1 14,700 6 2a-2b 14,250 5 2a-2b 14,200 5 2a-2b 
1 14,250 7 24-26 14,300 6 13,650 5 24a-2¥ 
® 1/2 5,250 42 la-1Ib** 5,450 42 2a-2b 4,000 1 2a-2b** 
1/2 5,400 46 la-1b** 5,150 38 la-1b 4,800 2! 2a-2b 
4 9.750 2a-2b%* 10,300 6 2a-2b 9,800 7 2a-2b 
e 3/4 10,300 6 la-1b 10,300 7 2a-2b 9,800 7 2a-2d 
1 15,800 8 2a-2b°* 13,800 5 2a-2b** 14,700 5 2a-2b°* 
1 14,800 6 2a-2b%¢ 14,500 5 2a-2b 15,800 5 2a-2b 
2E N 1/2 3,850 53 NONE 3,900 $3 NONE 3,800 55 NONE. 
® e 1/2 4,050 55 NONE 3,850 53 NONE. 3,900 53 NONE 
® ® 1 16,800 35 la-lb** 17,850 34 la-lb 14,900 25 CRACKS AT NOTCH 
ROOT ONLY 
® bad 1 17,300 40 la-Ib** 16,600 la-1b** 15,000 25 
Table A-1—(Continued) 
High Heat Input (70,000 J.P.1.) Medium Heat Input (47,000 J.P.1.) Low Heat Input (31,000 J.P.1.) 
Angle of Angle of Angle of 
Plate Plate Max, Bend at Characteristics Max. Bend at Characteristics Max, Bend at Characteristics 
Steel Treatment Thickness, Load, Max. Load, and Progress of Load, Max.Load, and Progress of Load, Max. Load, and Progress of 
Type (1) In. Lb. Degrees Fracture(3) Lb. Degrees Fracture(3) Lb. Degrees Fracture(3) 
's N 1/2 4,750 53 la-1b 4,500 39 la-1Ib 4,350 33 2a-2b 
1/2 4,550 51 2a-2b 4,300 33 la-1Ib 4,300 35 la-1b 
7 ° 1 12,150 7 2a-2b 12,000 6 2a-2b 12,500 8 2a-2b 
. bd 1 13,500 10 la-1lb 11,900 7 2a-2b 12,200 6 2a-2b 
4 N 1/2 5,850 46 la-1b** 4,300" 14 2a-2d 4,200 13 2a-2b 
1/2 5,150 28 2a~2b 4,500 15 2a-2b 5,100 13 2a-2b 
1/24) 5,500 35 la-Ib ° - - - - 
1/2'4) 5,000 22 la-Ib - - - - 
1 12,000 5 2a-20 11,900 3 2a-2b 11,800 5 2a-2b 
i 11,250 3 2a-2b 11,900 3 2a-2b 11,550 5 2a-2b 
a N 172 4,550 36 la-Ib 4,550 32 NONE 4,650 39 la-1b 
: ° 1/2 5,250 49 la-1b 4,400 35 la-ib 4,800 42 la-1b 
! 13,850 13 la-1b 14,200 15 la-Ib 13, 600 15 la-Ib 
. ° 1 11,500 10 BROKE OUTS IDE 10,000 7 BROKE ouTs IDE 8,350 3 BROKE OUTS IDE 
WELD WELD WELD 
N 1/2 3,650 25 2a-2b 4,100 21 2a-2b 3,700 25 
4 1/2 5,500 21 la-1b** 4,600 36 NONE 3,400 8 2a-2d 
! 11,450 8 la-1b 12,800 7 la-1b 10,350 6 2a-2 
1 11,250 7 la-lb 11,050 7 la-1bd 10,700 3 2a~-2b 
N ? 4,800 7 2a-2d 4,750 5 2a-2 
1/2 5.250 5 2a-2b 4,750 5 2a-2b 4,800 3 2a-2 
1 13,600 3 la-1b 13,800 1 la-1d 13,900 ! 2a-2b 
° 1 12,600 3 la-1b 13,180 1 la-1b 14,200 1 2a-2 


‘Plate treatment before welding; N = Normalized, A. R. = as-rolled. 


* Two tests from each plate. 


*See Fig. Al, 
‘Check tests, 


Crack progressed rapidly into base metal. Load dropped suddenly. 
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Appendix A, Table A-2—Results of Bend Tests of Specimens Welded with E6020 Electrodes 


High Heat Input (73,000 J.P.I.) Medium Heat Input (50,000 J.P.1.) Low Heat Input (34,000 J.P.1.) 


Angle of Angle of Angle of .- 
Plate Plate Max. Bem at Characteristics Max. Bend at Characteristics Max. Rend at Characteristics — 
Steel Treatment Thickness, Load, Max. Load, and Progress of Load, Max. Load, and Progress of Load, Max. Load, and Progress of ! 
Type (1) In. Ib. Degrees Fracture () Lb. Degrees Fracture Ib. Degrees Fracture (3) ° 
Ic N 1/2'2) 3,900 47 NONE 3,850 48 CRACKS AT NOTCH 3,700 57 NONE ‘ 
ROOT ONLY 
1/2'2) 49 NONE 3.750 48 NONE 3, 800 55 NONE 
16,850 38 la-1b°* 15,900 40 la-1b 19,750 4) la-Ib 
! 16.550 4\ la-1Ib 15,650 40 la-1lb 15,150 41 
® ALR. 1/2 3,750 42 CRACKS AT NOTCH 4,050 55 NONE 3,950 55 CRACKS AT NOTCH 
ROOT ONLY ROOT ONLY . 
bd ° 1/2 4,050 53 NONE 3,950 55 NONE 3, 850 55 CRACKS AT NOTCH 
ROOT ONLY 
16,450 40 la-Ib 16,050 40 la-1b 15,850 37 la-Ib xc 
16,150 15,900 40 15,550 
2 N 4,200 4,150 51 NONE 4,100 53 NONE . 
° ® 1/2 4,150 53 NONE 4,000 53 NONE 4,050 53 NONE 
14,550 18 la-1lb 14,000 18 la-lb** 14,550 19 — 
! 15,500 25 la-Ib** 15,700 25 12,850 17 la-ib 
bad AR, 1/2 4,350 5! NONE 4,400 53 CRACKS AT NOTCH 4,400 53 la-1b** 
ROOT ONLY 
° e 1/2 4,450 54 NONE 4,250 51 CRACKS AT NOTCH 4,30 51 CRACKS AT NOTCH 
ROOT ONLY ROOT ONLY 
bad 16,400 25 la-Ib** 15,050 22 la-1b** 14,100 24 la-lb** 
16,450 15 la-1lb 16,200 28 la-1b 14,150 22 
oF N 1/2 4,500 49 NONE 4,250 49 CRACKS AT NOTCH 4,200 51 CRACKS AT NOTCH 
ROOT ONLY ROOT ONLY 
wf nd 1/2 4,350 53 NONE , 4,300 50 la-1b 4,100 51 CRACKS AT NOTCH 
14,050 " CRACKS AT NOTCH 14,050 16 la-Ib 14,700 19 
ROOT ONLY 
13,500 la-1lb 14,600 18 la-lb 12,850 17 la-lb 
3c N 4,750 50 NONE 4,650 5! NONE 4,550 50 NONE 
® bad 1/2 4,750 4g NONE 4,500 50 NONE 4,550 49 NONE 
bad ! 13,650 12 la-lb 13,100 18 la-Ib 13,200 16 2a-2b 
® e 1 13,450 12 la-lb 12,250 16 2a-2b 13,050 18 2a-2b 
e 1/2 5,050 49 NONE 5.000 51 4,200 47 la-1b** 
ad 1/2 5,100 51 la-lb*¢ 4,850 51 la-Ib** 4,650 53 la-1b°* 
° 1 12,900 12 la-lb** 15,100 19 la-1b** 13,200 16 2a-2b°* 
1 13,800 13 la-1b 14,150 18 la-1b** 13,200 15 2a-2b°%°* 
KZ N 1/2 4,500 46 la-lb 4,550 49 CRACKS AT NOTCH 4,550 44 la-1b 
ROOT ONLY 
e 1/2 4,550 la-Ib 4,500 49 la-1Ib 4,30 31 la-lb P 
14,650 2a-2b 13,850 7 2a-2b 12,800 2a-2b 
14,500 2a-2b 13,850 7 2a-2b 13,000 6 2a-2b 
la-Ib 4,900 30 la-1b 4,100 2a-2b 
1/2 4,800 30 la-lb 5,050 39 CRACKS AT NOTCH 4,150 21 2a-2b 's 
ROOT ONLY 
13,500 2a-2b 2,300 2a-2b 12,200 2a-2b 1c 
1 2a-2b 3 2a-2b 12,050 2a-2b 
aR 
Table A-2 (Continued) 
x 
High Heat Input (73,000 J,P.1.) Medium Heat Input (50,000 J.P.1.) Low Heat Input (34,000 J P! 
fz Angle of Angle of 
Plate Plate Max. Bend at Characteristics Max. Bend at Characteristics Max Bend at Characteristics 
Steel Treatment Thickness, Load Max.Load, and Progress of Load, Max. Load, and Progress of Load, Max. Load, and Progress ol SA 
Type (1) In Lb. Degrees Fracture(3) Lb. Degrees Fracture(3) Lb Degrees Fracture(3 
2x N 1/2 4,300 28 4,350 49 CRACKS AT NOTCH 4,350 “ 
1/2 4,400 35 la-1b 4,650 38 CRACKS AT NOTCH 4,350 36 { 
° ° 12,850 9 14,650 15 la-1b 12,500 " le-Ib 
8,550 (4) ? BROKE OUTSIDE 11,650 9 { 
WELD 
la-Ib < ¥ 
N 3,900 33 pore 4.3 35 om 3,500 18 
. 1/2 3,600 26 la-Ib 3,850 32 la-Ib 3,900 39 
bad 11.350 6 la-lb 11,950 5 2a-2b 12,250 3 la-Ib 
11,650 5 la-1b 10,800 6 la-1b - ? 
ax N 1/2 5,150 9 5, 600 9 5,250 7 
1/2 5,150 7 la-1be* 6,100 10 la-1b** 5,900 9 la-Ib = 
14,800 2a-2b 13,950 2a-2n°* 15,050 la-Ib | 
13,800 la-lb 14,000 ° 2a-2b 14,350 la-1b 


Plate treatment before welding; N = Normalized, A. R. =as-rolled. 
* Two tests from each plate. 
3 See Fig. Al. 

‘ Failed with a vertical fracture in base metal beneath heat affected zone. 
** Crack progressed rapidly into base metal. Load dropped suddenly. 
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Appendix A, Table A-3—Results of Bend Tests of Specimens Welded with E6012 Electrodes 


High Heat Input (67,000 J.P.1.) Medium Heat Input (47,000 J.P. I.) Low Heat Input (91,000 J.P.1.) 
Angle of Angle of Angle of 
Plate Plate Max. Bend at Characteristics Max. Bend at Characteristics Max. Rend at Characteristics 
eel Treatment Thickness, Load, Max. Load, and Progress of Load, Max. Load, and Progress of load, Max. Load, and Progress of 
Steel 5) % 
(1) In. Ib. Degrees Fracture lb. Degrees Fracture ib. Degrees Fracture 
1c N 1/2'2) 3,900 53 NONE 3,700 53 NONE 3,750 53 NONE 
1/22) 4,000 54 NONF 3,800 55 NONE 3.700 54 NONE 
1 16,000 44 la-1b 15,500 41 la-Ib 15.250 44 
e ! 15,700 43 la-1b 15,400 41 Ta-1b 15,300 44 la-Ib 
2¢ N 1/2 4,050 53 NONE 4,050 5) NONE 3.950 $3 NOM 
. 1/2 4,050 51 NONE 4,100 53 NONE 3,900 51 NONE 
e . 1 15,150 28 la-ib** 13,200 22 la-Ib**? 13,450 21 CRACKS AT NOTCH 
OOT ONLY 
. . 1 14,300 25 la-1b** 13,400 24 CRACKS AT NOTCH 13,450 18 CRACKS AT NOTCH 
ROOT ONLY ROOT ONLY 
x N 1/2 4,850 51 NONE 4,800 50 la-1b** 4,400 35 la-Ib 
. . 1/2 4,700 51 la-Ib 4,650 50 la-Ib 4,250 32 la-Ib 
14,700 22 la-1b 12,900 18 2a-2b 12,800 22 2a-2b 
. . 1 13,750 15 CRACKS AT NOTCH 13,550 19 la-Ib 13,100 22 2a-2b 
ROOT ONLY 
Mate treatment before welding; N = Normalized. 
Iwo tests from each plate 
*See Fig. Al 
** Crack progressed rapidly into base metal. Load dropped suddenly. 
. 
Appendix A Table A-4—Results of Bend Tests of Unwelded Specimens 
1/2 Ineh 3/4 Inch 1 Inch 4/3 Inch 3/4 Inch 1 Inch 
Angle of Angle of Angle of angle of Angle of Angle of 
Max. Bend at Type of Max. Bend at Type of Max. Bend at Type of Mae Bend at Type of Max. Bend at Type of Wax. Bernt at Type of 
load, Max. Load, Fracture Load, Mex. Load, Fracture load, Max. Load, Fracture Max. Load, Practure Load, Wax. Load, Fracture Load; Mex. Load, Fracture 
Steel b. Degrees (1) Degrees Ib. Degrees (1) Ib Degrees (1) 1b. Degrees 1) Ib. Degrees 
,3.200 7,600 60 15,250 64 
*3,.200 51 A 7,250 61 15,000 64 
2.900 56 A 9,200 57 8 13,550 65 6 
{3.000 $4 A 56 B 13,350 65 
43.450 51 6.@00 54 15,900 55 8 3.850 56 6.300 $4 16,200 $2 
‘3,400 51 8,400 56 16.050 53 8 3,900 8,350 54 15,950 $2 
3,800 56 A 8,500 56 16,500 59 3.800 56 8.700 56 15,450 52 
{3.750 56 A 8, 650 57 & 16.750 59 3,700 A 54 15, 800 53 
3,150 57 A 8,350 54 if 15,400 53 a 
{3.000 57 A 8. 150 53 Bp 15,400 53 8 
3,750 56 A 11,300 54 17,250 44 3.950 56 9,150 5) 18.850 55 
{3,290 56 9,550 56 17,950 4.000 57 9.300 53 17,600 52 
4,700 47 10,050 54 18,100 $2 4,300 9,400 51 18,150 49 
49 9.700 53 17,600 52 4,350 10,250 8 18.450 49 
4.450 56 9,550 56 18,600 49 4,750 56 9.550 56 18, 450 $2 8 
3¢ {4400 53 9, 500 $4 16.800 49 4,700 54 A 9,600 54 18,050 
4,49 45 10, 700 40 19,400 36 4.400 46 8 10,750 34 19,000 3 e 
45 8 10.550 43 19,150 36 8 4,350 46 10, 600 34 16,350 
4,800 51 € 12,500 44 21,400 43 5.250 46 13,150 38 c 23,000 37 c 
* 12.200 44 22.350 44 5.250 12, 150 a 23.200 36 
3,450 53 A 17,300 56 & 
{3.600 56 A 17,200 58 t 
4.4% 16,550 43 
3 H 19,900 44 & 
5.050 54 8 19,950 44 tb 
“€ {5,350 5! b 19, 650 46 & 
4,650 53 8 13,200 16 (2) 
3,800 49 20,900 47 & 
{3 900 50 19, 150 4? e 
9,000 49 B 23,750 28 c 
250 46 23,100 30 
of A = tone. (Z) Failed outside notch, porous casting. 
B = Discontinuous cracks in root of notch, ebout .01 to .04" deep; no complete fracture, 
C = Specimen snapped in two ot maximum load. 
— = = 


Page 369—Formula No. I 


Correction 


N THE article, ““Note on the Influence of the Water- 

Content of an Electrode-Coating on the Hydrogen- 

Content of Weld Metal,” by W. P. van den Blink 
Published in THe WELDING JOURNAL RESEARCH 
SUPPLEMENT for July 1947 the following errors occur: 


1947 


Page 370—4th paragraph 
Page 370—Formula No. 


WELDABILITY CARBON-MANGANESE STEELS 


I—-the first figure in the second 


phrase should read py, instead of Paso. 


, second and third lines should 
read “so that partial pressure = 


mole fraction.”’ 


III—in the denominator, the 


second figure should read py,o instead of Pyo». 
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The Strength of Welded Joints at Low 
Temperatures and the Selection and 


Treatment of Steels Suitable for 


temperatures to which structures are exposed in serv- 
ice, structural steels exhibit higher tensile strength, 
about the same elongation and reduction of area,' but 
much lower impact strength*® (notch impact value) than 
at normal temperatures. Later it was found that the 
notch impact value at low temperature depended not 
only on the composition and treatment of the steel but 
also on the shape of the specimen, particularly on the 
kind of notch. With the usual specimens at tempera- 
tures more or less below 0° C. and sometimes even at 
20° C., all steels show a considerable drop in notch impact 
value. In Korber and Pomp’s tests’ with steels of differ- 
ent carbon content and different treatment, the notch 
impact values of all steels at —70° C. were practically 
the same and were very low. Schwinning' found that 
all steels broke in a brittle manner even without a notch 
at —155 to —180° C. 

These laboratory results have been confirmed in prac- 
tice on many occasions. The effect of low temperature 
on the strength of structures became prominent with the 
advent of large welded construction. The application 
of experience with welded machinery and welded struc- 
tures of average size to structures with thick, wide flanges 
was not always successful. In February 1938 a welded 
plate girder bridge along the German State automobile 
highway at Riidersdorf broke suddenly at two places,‘ 
Fig. 1. The girders were about 118 in. high; the flanges 
were 1.54 in. thick, 25.2 in. wide. The fractures were of 
the brittle type. No permanent deformation of the steel 
could be detected by eye at the fracture. Related acci- 
dents occurred to some Belgian bridges, which also broke 
on cold winter days under loads that were not extra- 
ordinarily high.® 

In an effort to determine the cause of these catastro- 
phes a large number of tests were made on girders of 
different steels fabricated in different ways. Some of the 
tests were made at low temperature. In these bend 
tests some girders broke in a brittle fashion as the bridges 
that have been mentioned. Others underwent a great 
deal of deformation. Finally the information reached 
us that a welded tank car had been overfilled with liquid 
air and the tank car frame was cooled suddenly to low 
temperature by the liquid air. As a result the frame of 
the tank car suddenly broke into many pieces. Later, 
specimens from unaffected parts of the railway car frame 

were cooled by pouring a few pints of liquid air over them. 
Cracks suddenly appeared in these pieces starting at the 
welds. 

* Stuttgart, German 


y 
t Translated by G. E. Claussen, Chief Metallurgist, Reid-Avery Co., 
Baltimore, Md. 


T HAS been known for a long time that at the low 


Welded Structures 


By Otto Graf*:* 


Fig. 1—One of the Fractures in the Riidersdorf Bridge 


In the meantime the author had observed many similar 
mishaps to welded structures, including ships and a large 
pipe line, which obviously had the same cause as the 
mishap to the Riidersdorf bridge. 

The following factors are important in explaining these 
accidents: 

(a) The chemical composition of the steels, their 
method of production (basic Bessemer or open- 
hearth steel), ingot practice, probably also the 
treatment of the steel during rolling and fabn- 
cation. 

(b) The size of the welded elements, particularly their 
thickness (before the accidents commenced to 
occur, flanges of structures were thinner and 
narrower). 

(c) The shape of the structure, especially the kind ol 
welds and their location. 

(d) The sequence of welding, the speed of welding, the 
restraint to expansion and contraction offered 
by the surrounding steel during heating and 
cooling (web stiffeners with ends wedged tight 
or with free ends), also the temperature 0! the 
air and the steel during welding, etc. 

(e) The shrinkage stresses in the completed structure, 
particularly in the welds. 

(f) The temperature of the structure im servic’. 

(g) The type and magnitude of loading in service 4 
in the tests. 
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4 = = Fig. 2—Experimental Girder with Tightly 
IT: Se Fitted Web Stiffeners. Dimensions in Milli- 
meters 
Schnitt = Section 
6 K “ 


In the following sections the principal results of the 2. Behavior of Experimental Girders During Welding 
tests are summarized. These paragraphs discuss the with Tension Flanges Artificially Cooled 
factors that affect the behavior of welded structures at 
low temperatures and that must be taken into account. Portions of the Riidersdorf bridge were welded in 
winter. For this reason it was necessary to determine 
< ; whether this circumstance led to premature cracking of 
1. Chemical Composition of the Steels Used in the the web-flange welds. Tests were made on girders with 
Broken Riidersdort Bridge cooled flanges, Fig. 2. The web stiffeners were fitted to 
the tension and compression flanges before welding. In 
The following ranges of composition were reported in this way they were welded in place and gave rise to the eee? 
six analyses of steel taken from the broken Riidersdorf deformations of the flanges shown in Fig. 3. These and oe 
bridge: carbon 0.15-0.21%, silicon 0.58-0.70%, manga- other observations showed that the web-flange weld and es 
nese 1.00-1.11%, phosphorus 0.04-0.06%, sulphur 0.02—__ the flanges themselves were under very high strain before ed 
0.032%, copper 0.17-0.34%, chromium 0.03%, nickel external loads were placed on the girder. Three other : 
trace to 0.05%, nitrogen 0.005-0.007%. girders were welded without fitting the web stiffeners 
A similar steel was ordered for the experimental work. tightly between the tension and compression flanges, 
However, the following analysis shows that it had a_ Fig. 4. 
slightly different composition from the steel in the bridge. Later, some specimens of the web-flange weld of the ; 
Analysis of steel for the experimental girders: carbon girders were examined for craeks.’? All girders showed ee 


0.17%, silicon 0.46%, manganese 1.39%, phosphorus fine, short transverse cracks in the hard heat-affected 
0.027%, sulphur 0.027%, copper 0.084%, nitrogen zone of the web-flange weld, Figs. 5 and 6. 


The cracks re 
0.0057%. were longer and more numerous in the girders that had . 
Tests later showed that the experimental steel had been subjected to high external loads before cutting than Bi 
better properties than the steel from the bridge. The in the girders that had been cut for examination without BS 
aa treatment of the steel during casting and rolling is be- a load test. Even the girders whose web stiffeners were 
ge ing . 
he lieved to account for the difference in properties. not tightly fitted showed cracks. From these results we 
Se 
| | 
eit 
SL LAA 
he 
nd — Fig. 3—Deformation of the Flanges of the 
Experimental Girder of Fig. 2. Dimensions 
in Millimeters 
0 
Obergurt = upper flange in compression 
the Untergurt = lower flange in tension a 
Messtelle = locations of measurements 
ret Messlinie = gage lines 
and Einsenkung = deflection in millimeters **, 
ght 
the 
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and 
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Fig. 4—Experimental Girder with Web 
Stiffeners Not Tightly Fitted. Dimensions jp 
Millimeters 


P = load 
Schnitt = section 


must expect that girders welded in the cold season of the 
year will contain cracks in the web-flange weld. It was 
concluded that the material of which the girder is built 
must be of such quality that it will undergo a great deal of 
deformation without fracture when overloaded despite the 
presence of fine, short cracks. Furthermore, the load- 
carrying capacity of the girder shall be reached only after 
it has undergone considerable deformation. Fracture 
should occur only when a deformation has been reached 
which is connected with the full tensile strength of the 
unwelded steel. This condition is particularly important 
if the structure is in service at low temperature and if 
cracks may occur in the structure in service as well as 
during fabrication. The crack causes the structure to 
become sharply notched; the notch concentrates the 
stress at its base. Therefore it is the question of the 
notch sensitivity of the steel. As we have stated above, 
this depends to a great extent on the material and the 
temperature. Thus arises the requirement that steels for 
welded structures must have low notch sensitivity in the con- 
dition in which the steel will be used. 


3. Behavior of Experimental Girders Under Bending 
Loads with Simultaneous Cooling 


We turn now to the question whether a girder with 
cracked web-flange weld will break under repeated load- 
ing and unloading, if the tension flange is cooled to a very 
low temperature. For this purpose the tension flange 


Tension flange 


Fig. 5--A Crack in the Weld Joining the Web of a Girder to 
the Flange 
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Fig. 6—Cracks in the Weld Joining the Web of a Girder to the 


Flange 
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was placed in a cooling chest filled with a fee. The 
temperature of the steel in the tension zone fell to —30° 
C. In this condition a girder with tightly fitted web 
stiffeners, Fig. 2, was loaded 20 times up to each of the 
following extreme fiber stresses: 21,400, 32,000, 42,700, 
53,400 and 64,000 psi. Another girder without tightly 
fitted web stiffeners was loaded 500 times from 2800 to 
12,700 psi. No fractures occurred. The steel in the 
girders therefore was satisfactory for welded structures, 
even at low temperature. 


Further tests were made on two girders of different 
dimensions and made of different steel. The girders 
were subjected to 1000 cycles of stress from zero to 30,- 
000 psi., and 1000 or 2000 cycles from zero to 42,700 psi. 
till at —68° C. No fractures occurred, even when 
the stress was raised to high values which caused con 
siderable deformation. 

Other girders of different steels broke at room tempera- 
ture, Figs. 7 and 8. The fracture obviously started at 
cracks in the web-flange weld, as shown in Fig. 8. 


Fig 7. Girder with Flange 2 In. Thick, Which Broke Suddenly Be 
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Fig. 9--View of the Girder Sh : 
Fig. 8 Origin of Fracture of Girder Shown in Fig. 7 
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4. Selection of Steels for Welded Structures 


Our tests showed next that carefully and properly 
welded girders of low-alloy open-hearth steel St 52 with 
relatively thick flanges may break brittle and pre- 
maturely in the same way as the welded bridges, ships, 
etc., which were damaged at low temperature in winter. 
The question arises how to test steels so as to separate 
steels suitable for structures exposed to low temperatures 
from steels that are unsuitable. 

The first test was devised by Kommerell® who grooved 
a 2-in. thick flange plate in the direction of rolling and 
deposited weld metal in the groove. The welded speci- 
men was bent with a pin 6in. in diameter. The specimen 
broke suddenly after a bend angle of 18° had been 
reached. Unwelded specimens bent 180° without crack- 
ing. Obviously this new test method was very informa- 
tive. A great many additional tests were made. The 
final type of specimen selected is shown in Fig. 11. It 
was found that steels which gave rise to brittle fractures 
in service and in experimental girders also broke in a 
brittle manner in the bend test shown in Fig. 11. These 
steels underwent only a small bend angle before fracture. 
On the other hand, steels which withstood high loads 
without fracture in the girder tests exhibited much better 
ductility in the bend test than the brittle steels. 

Six girders of low-alloy steel St 52 were broken in the 
bend tests, Table 1. The steels from the girders which 


Table 1—Bend Tests of Girders and of Bead-Bend Specimens 
of Low-Alloy, Steel St 52 


Extreme Fiber 
Girder No. Stress, Psi 
55,200 
55,800 
52,200 
75,000 
54,800 
76,900 


Bead-Bend Test Results, see Fig. 11 


Plate Bend Angle, 
Girder No. Thickness, In. Degrees 


did not break bent 36° and more in plate thicknesses of 
1.97 in. From the other observations it can be assumed 
that this material is adequate to permit a welded struc- 
ture to undergo a great deal of deformation. As a 
specification test for 2-in. wide flange steel in the steel mall, 
it is recommended that a bend angle of at least 50°, better 
60°, must be reached without fracture. For thinner wide- 
flange steel higher angles should be specified; for thicker 
steel smaller bend angles may be specified. 


5. Behavior of Steels in the Bend Test Shown in Fig. 11 


The steels which are not suitable for welded structures 
broke at small bend angles in the bend test shown in Fig. 
11. For example, a specimen in which the first crack 
appeared in the weld at a bend angle of 14°, Fig. 12, 
suddenly broke at only a slightly larger angle, 18°. Very 
little permanent elongation appeared at the fracture. 

Specimens which were suitable for welded structures— 
at the temperature of testing—exhibited quite different 


Fig. 10-—-Girder That Broke in s Brittle Manner. Girder GHH 
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SPECIMEN 


--(b= 200) 
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Fig. 11—Groove-Weld-Bend Test, or Bead-Bend Test. Dimen- 
sions in Millimeters 


P = load. 

The weld bead is deposited in the milled groove in a single 
layer at 20° C. and is not machined. The milled groove is sem! 
circular with a radius of 4 mm. (0.16 in.). It is cut in the roliec 
surface of the plate. The thickness of the specimen is up to 9 mm 
(2 in.). The length of the weld is at least six times the plate thick 
ness. 


Fig. 12—Specimen in Accordance with Fig. 11 Exhibiting 
Bnitle Fracture. This Low-Alloy Steel Is Not Suitable for 
Welded Structures 
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St 52 P.SM, b 

30 mm. X 250 mm. 
ar = 16° 

a = 122° 


Fig. 13—Specimen 1.18 In. Thick in Accordance with Fig. 11 
Exhibiting Good Ductility. This Low-Alloy Steel Is Suitable 
for Important Welded Structures 
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ROLLED SURFACE 


WITH MILL SCALE 


Fig. 14—Notch Impact Specimen with 2-Mm. Round Notch in 
Accordance with German Standard DIN Vornorm DVM A115. 
Dimensions in Millimeters 
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ROLLED SURFACE 
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Fig. 1S—-DVMS Specimen with 0.5-Mm. Round Notch. Dimen- 
sions in Millimeters 


— 410 


w 
ROLLED SURFACE 
WITH MILL SCALE 
Fig. 16—Notch Impact Specimen with Rectangular Notch. The 


Width of the Notch w is Usually 0.5 Mm. Dimensions in Milli- 
meters 
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behavior. An example is shown in Fig. 13. The first 
crack appeared in this specimen at a slightly larger bend 
angle, 16°, but the crack spread only a short distance into 
the wide-flange steel. The condition shown in Fig. 13 
developed only after a great deal of deformation, in this 
instance 122°. The steel has low notch sensitivity. 
Again we find that notch sensitivity is a basis for the 
selection of steels. Notch sensitivity is the deciding fac- 
tor, for even before the girder is placed in service there are 
fine cracks in the web-flange weld. The flanges are 
notched by these cracks before external loads are placed 
on the girder. 


6. Notch Impact Value of Steels Suitable for Welded 
Structures 


The foregoing section suggests that the steels used in 
the experimental girders should be tested for notch im- 
pact toughness. The specimens for these tests are 
shown in Figs. 14, 15 and 16. Figure 14 shows a speci- 
men with a 2-mm. round notch. Figure 15 shows the 
specimen with a 0.5-mm. round notch. In Fig. 16 is 
shown the specimen developed by the author having a 
0.5-mm. wide rectangular notch. It was found in general 
that the welds which broke in a brittle manner in the 
welded girders had limited notch impact toughness. 
Available results show that the notch impact value of 
specimens of suitable steels in the form shown in Fig. 15 
had more than 8.4 mkg./cm.? at 20° C., and usually over 
4 mkg./cm.* at —20° C. The specimen shown in Fig. 16 
permits even clearer differentiation, as shown in Fig. 17. 
The difference becomes still more pronounced if the notch 
width of the specimen in Fig. 16 is made less than 0.5 
mm., Fig. 18. We recommend the use of the specimen 
shown in Fig. 16. 

Additional examples are shown in Fig. 19 comparing 
the notch impact value of the specimens shown in Figs. 
14 to 16 with the results of the bend tests, Fig. 11. 
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Fig. 17—Notch Impact Results on 19 Different Steels 


Vertical axis = notch impact value (mkg./cm.*) for specimens in 
accordance with Fig. 15. 

Horizontal axis = notch impact value (mkg./cm.*) for specimens 
in accordance with Fig. 16, notch width = 0.5 mm. 
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Figure 19 shows the close relationship between notch 
impact value and behavior in the bend test, Fig. 11. 

The following experiments show that it is important in 
the application of the notch impact test to cut the speci- 
men from the correct location. Figure 20 shows the 
cross section of a wide-flange steel 10 in. wide and 2 in. 
thick (steel Psb of Fig. 19). The squares drawn on the 
cross section represent notch impact specimens of the 
type having a rectangular notch, Fig. 16. The numbers 
within the squares are the notch impact values of the 
specimen in meter kilograms per square centimeter. The 
lowest value is 2.8, the highest is 13.6 mkg./em.? In 
view of this difference, the specimen always is cut from 
the point the weld will be laid. The averages of 
the specimens along the lines a—a, b—-6, and c-c in Fig. 20 
are plotted in Fig. 21. The lowest results were obtained 
toward the middle of line >-b. The highest results 
always were found at the edges. The steel shown in this 
example is right enough for welded structures. 


7. Behavior of Wide-Flange Steels with Pressed 
Groove in the Bend Test 


The bend test in Fig. 11 has the advantage that the 
steel is tested in its full thickness besides having a weld 
deposited with an electrode recommended for structural 
welding. Of course, the result of the test depends not 
only on the steel but also on the quality of the weld. To 
test the steel alone, Hauttmann'’® has developed the 
pressed groove bend test. In this test the local em- 
brittlement of the steel is brought about not by a weld 
bead but by a groove pressed into the steel at room tem- 
perature. A load of nearly 550 short tons is required to 
press a semicircular groove 0.20 in. radius, 10 in. long. 
Hauttmann has determined the effect of the groove with 
different amounts of deformation in aged and unaged 
steel with and without additional pressed notches. 
From these tests he concludes that the ‘pressed groove 


22 
20 
18 


Fig. 18—The Relationship Between Notch Impact Value and 
Width of Notch w for Specimens with Rectangular Notch in 
Accordance with Fig. 16. Dimensions in Millimeters 


—~—-—-— = Normalized low-alloy steel St 52 DSb. 
= As rolled St 52 DSb. 

-t—-+——-+-— == Low-alloy steel St 52 GSb annealed at 600° C. 
te — = As rolled St 52 PSb. 
Vertical axis = notch impact value, mkg/cm.? 

Horizontal axis = width of notch, W, millimeters. 


Top graph—permanen: 
bead-bend angle (de 
grees) for specimens in 
accordance with Fig. |}. 

Second graph—noich 
impact value (mkg./cm.? 
for rectangular notches r 
accordance with Fig, 16. 


tests at 
—22° C. except points (|) 
which were determined at 
—17°C. 

Third graph—notch im 
pact value (mkg./cm.*) 
for 0.5-mm. notches in 
accordance with Fig. 15. 

= tests at 20° C. 

= tests ai 

—22° C. except points (1) 
determined at 


Bottom graph—notch 
impact value (mkg./cm.? 
for 2-mm. notches in ac- 
cordance with Fig. 14. 

—— = tests at20° C 

tests at 
— 22° C. except points (1) 
which were determined at 
—17° C. 


(22 °C gealtert;+20°C aged, then tested a! 
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Fig. 19—Results of Bead-Bend Tests (Fig. 11) and Notch Impact 
Tests (Figs. 14 to 16) on Steels 30 and 50 Mm. Thick 


bend test’ will distinguish steels that require special 
treatment during fabrication in the same way as the bead 
bend test of Fig. 11. 

For steels which must be used at low temperatures all 
the tests that have been described must be performed at 
low temperature. 


8. Production of Steels for Welded Structures. 
Grain Structure 


Experience and numerous tests show that open-hearth 
steel is generally superior to basic Bessemer steel,'’ and 
that thick material is more dangerous than thin. The 
conjecture arose, therefore, that better steel is cast from 
metal heated to a high temperature than from metal 
heated only to a relatively low temperature before 
pouring. The high temperature reduced the absorption 
of hydrogen. It also appeared desirable to deoxidize 
with aluminum and to limit the weight of the charge. 
Eilender studied the significance of the McQuaid-Ebn 
grain size. He found that steels which were fine graine¢ 
in the McQuaid-Ehn test were greatly improved by 
normalizing. Fine-grained steels, '* therefore, should be 
produced. 

A dilatometer method was recommended by © 
Werner to distinguish fine-grained steels which transform 
rapidly from coarse-grained steels and_ steels which 
transform slowly in passing through the critical range. 
The difference in temperature between Ar, and Ac: 's 
the determining factor in Werner’s test, which is pet 
formed at a controlled rate of cooling. However, Filen- 
der found that the McQuaid-Ehn grain size of aluminum: 
deoxidized steels is not affected by normalizing which 
yet improves the ductility of the steel a great deal in the 
bead-bend test of Fig. 11. 
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9 Internal Stresses. Stress Relief Heat Treatment 


The magnitude and type of internal stresses (shrinkage 
stresses, restraint stresses, reaction stresses) and related 
distortions have been the subject of much research.’ 
fests of welded rails and welded girders showed that they 
contained very high residual stresses,'* yet they did not 
have a bad effect on the strength. It is still not clear 
under what conditions internal stresses have a bad 
effect on the strength of welded structures. However, 
there are a number of examples which point to the 
significance of internal stresses. For example, Fig. 22 
shows the development of a crack in the end portion of a 
welded girder 15°/, in. high, 134 in. long. The girder 
was subjected to repeated bending loads during which 
the extreme fiber stress varied cyclically between 1400 
and 22,800 psi. The first crack appeared after 900,000 
cycles and is shown in the upper right of Fig. 22. The 
crack spread diagonally over the web-flange weld of the 
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compression side until it nearly reached the fillet weld 
of a web stiffener. This crack is shown also in Fig. 23. 
After 1.7 million cycles a new crack appeared at right 
angles to the first. The new crack is labeled ‘‘1.7”’ 
in Fig. 22. Gradually the new crack spread in the web 
into the tension zone. It also spread in the other di- 
rection through the compression web-flange weld into the 
compression flange. Obviously the path of the cracks 
in Figs. 22 and 23 is not normal, if it is compared with 
the behavior of a girder free from internal stresses. The 
external load alone cannot account for the cracks shown 
in Figs. 22and 23. The beginning of the cracks must be 
attributed to internal stresses. These are intentionally 
high in the present instance. The web stiffeners were 
tightly fitted, as shown in Fig. 1. Tests on girders, the 
web stiffeners of which were not tightly fitted, showed a 
more favorable crack development, Fig. 24, as well 
as higher strength. It is believed that this condition 
will be even more important at low temperature than at 
normal temperature. 
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Figs. 20 and 21—Notch Impact Value at Different Locations in a Slice of Wide-Flange Steel. Specimens Are in Accordance with 
Fig. 16. The Numerals Inside the Squares Are Notch Impact Results in Mkg. /Cm.? Dimensions in Millimeters 


————— = specimens along line a—a. 
= _ specimens along line b—b. 
-~---- = specimens along line c—c. 
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TENSION FLANGE 


Fig. 22—-The Development of Cracks in a Girder Subjected 
to Repeated Loads. The Numbers on the Cracks Indicate the 
Ends of the Crack at Different Numbers of Cycles of Stress in 
Millions. For Example, 1.7 Indicates the End of the Crack 
After 1,700,000 Cycles Between 1400 and 22,800 Psi. 


A = web stiffener under a point of application of load. 
B = web stiffener over one support. 


10. Stress Relief Heat Treatment 


Experience in steel mills, machinery shops and bridge 
fabricating shops as well as many investigations in re- 
search institutes” shows that the internal stresses in 
welded and unwelded structures which might give rise 
to premature fracture are eliminated to a great extent 
by heating at 600 to 650° C. The removal of the in- 
ternal stresses improves the strength and the capacity 
for deformation. Accordingly, greater strains can be 
permitted in the stress-relieved structures than in struc- 
tures containing internal stresses. Furthermore, steels 


Fig. 23—-A Close-up View of the Origin of the Cracks Shown 
in Fig. 22 


otherwise unsatisfactory can be used for stress-relieved, 
welded structures. 

The application of stress relief heat treatment is 
usually restricted by the size of the structure and the 
capacity of existing furnaces which are usually stationary 
It is possible, however, to heat treat important parts of 
very large structures with portable electric furnaces." 


Fig. 24—Crack in a Girder Subjected to Repeated Loads 
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Conclusion 


The mishaps described in the introduction of this 
paper created deep concern over the behavior of welded 
structures at low temperature. Investigations of the 
observed faults as well as research into fundamentals 
have shown that the accidents were caused by unsuitable 
material. We expect that the test shown in Fig. 11 
will make it possible to eliminate steels that are un- 
suitable for welded structures which are to be exposed 
‘to low temperatures. 

In addition it is obvious that the design and shape of 
the welded structure as well as the method of fabrication 
play a part. 
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HE present report deals first with bend tests 
of welded beams at the Stuttgart Technical 
College and subsequently with bead-bend tests 

made elsewhere. 

The welded beams, Fig. 1, were 13 ft. between sup- 
ports. The height of the beam and the flange width were 
\l in. Flanges and web were approximately */, in. 
thick. The beams were made of two different steels, 
namely, 17 St Pand 18 St P. One or two beams of each 
steel was tested as welded; another was tested after 
stress relief heat treatment (600-650° C.); and another 
was tested after normalizing. The beams were heat 
treated after the stiffeners had been welded. The beams 
were loaded in steps representing extreme fiber stresses of 
14,200, 19,900, 25,600, 31,300, 37,000, 42,600 45,500, 

* Abstract of “Uber den Einfluss des Spannungsfreiglihens auf die tech- 
uischen Eigenschaften der Baustahle und der Bauelemente,’’ published in 
Sighlbau, 17 65-68 (1944). 


} Translated by G, 


E. Claussen, Chief Metallurgist, Reid-Avery Co., 
Baltimore, Md. 


1600 800 


The Effect of Stress Relief Heat Treatment on 


the Technical Properties of Structural Steels 
and Structural Elements 


By Otto Graft 


48,400 psi., etc. At each step the load was removed. 
Measurements of permanent and elastic deflection were 
made under the load points. 

A comparison among the beams can be made on the 
basis of the stress causing a permanent deflection of | 
mm. (0.039 in.), Table 1. Heat treatment raised the 
strength of the girder, especially stress relief heat treat- 
ment. The fact that the yield points of the tensile 
specimens cut from the flanges of the as-welded and 
heat-treated beams were nearly the same, shows that 
internal stresses are the cause of the lower strength of 
the as-welded girder. 


Bead-Bend Tests 


Preliminary tests of bead-bend specimens of steels 
exhibiting low ductility showed that the ductility could 
be increased considerably by heating the cool weld bead 
to 700° C. with a welding torch and cooling slowly. 
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Fig. 1—Bend Test of Welded Girders. 


Dimensions in Millimeters 


Oberhoffer, Das 
3 Auflage, 1936, p. 267 et 
seq 


3 
300 
Phe 
= 
i ~ 
= a 
100 
MeBstellen 1, 2,3 


p P was an unkilled Basic Bessemer steel; St 37 K was a 
killed Basic Bessemer steel; while St 52 was cut from 4 
girder of the Zoo bridge over the Hardenberg Strasse in 

Berlin. 


0 The stress-relieved specimens had so high a bend 


. angle in every test that the steels were suitable for welded 
_SchwerBraupe ' | > structures if they could be stress relieved after welding. 
7 | 
“rd. 2004 rd. 250 
ond L gefraste Halbkreisnut Table 1—Stress a Permanent Deflection 
of 0. In. 
Fig. 2—-Groove Bead-Bend Specimen. The Weld Bead Is - see 
Deposited in a Semicircular Groove 0.16 In. Radius. Dimen- e - : _ Yield Point, Psi., of 
sions in Millimeters Extreme Fiber Stress rensile Specimen Cu 
in Beam, Psi. from Flange of Beam 
Steel Steel Steel Steel 
More detailed tests of the German Structural Steel 17StP St P 7 StP = 18St P 
Committee, Table 2, confirm the earlier results. The As-welded 38,400 35,500 45,500 = 46,000 
welds were deposited with heavy covered electrodes Pay 
(Kjellberg St 52 A) 0.20 in. diameter, 200-240 amp., — Normalized 45,500 41.200 $5,500 $5,000 
25-39 v. at a speed of 4.6 to 5.8 in. of bead per min. _ Stress relief heat 
The air temperature during welding was 15 to 23° C. treated 48,400 48,400 45,000 46,700 


The temperature during testing was 19 to 22°C. St 37 


Table 2—Groove Bead-Bend Tests with and Without Stress Relief Heat Treatment, Fig. 2 


Permanent 


Permanent 


Bend Angle Bend Angle 
at First Crack at First Crack Maximum Permanent 
Thickness Heat in Weld Metal,t in Base Metal, Bend Angle at 
Steel In. Treatment* Degrees Degrees Fracture, Degrees 
St 37 P 1.18 None 20 28 47 
St 37 P 1.18 S. R. 46 None 114 not broken 
St 37 P 2.0 None 19 17 19 
St 37 P 2.0 S. R. 45 None 90 
St 37 K 1.18 None 14 28 28 
St 37 K 1.18 S. R. 33 None 108 not broken 
St 37 K 2.0 None s 16 19 
St 37 K 2.0 S. R. 28 None 117 not broken 
St 52 2.6 None 4 5 5 
St 52 2.6 S.R 6 44 44 
Composition of Steels 
Steel ‘ Si Mn P Ss Cr Cu Ni Mo As N 
St 37 P 0.07 Trace 0.40 0.072 0.025 0 0.07 <0.1 0.08 0.019 0.017 
St 37 K 0.09 0.23 0.43 0.072 0.027 <@:i“: @.4 0.06 <0.1 0.017 0.015 
St 52 0.22 0.80 1.20 0.032 0.018 <0.1 0.54 0.09 aes 0.026 0.013 


* S. R. signifies stress relief heat treatment. The specimen was heated to 600-620° C. in 1 hr., held for 4 hr. at 610° C., cooled in fur 
nace to 300° C., cooled in air to 20° C. 

t The first crack in the weld usually was visible near the middle of the bead. When visible it was usually 1 to 6 mm. long, and opene’ 
0.1 to 0.3 mm. 
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A Note on the Shrinkage and Distortion of 


Summary 


Partl 


HE transverse shrinkage of butt 

welds is a result (a) of the heating 
of the welded edges, (6) of the contrac- 
tion of the joint itself and (c) of the 
rotation of the plates in their plane. The 
transverse shrinkage of fillet welds is more 
complex. The cross-sectional area of the 
joint is the most important variable. 


Part 2 


The value of the transverse shrinkage 
depends principally on the transverse 
sectional area of the parts to be joined and 
of the weld. 


Part 3 


Application to some practical examples. 


Introduction 


Before starting the study of shrinkage 
we must keep in mind two fundamental 
facts, 

1. When the temperature of a piece of 
metal is raised, its volume increases. When 
the temperature falls the volume decreases 
and returns to its original value, provided” 
heating and cooling have been uniform 
throughout the piece. Figure 1 shows the 
thermal dilatation of mild steel, in other 
words, the elongation in per cent of a bar 
as afunction of temperature 7. 

2. When an increasing load is applied 
to mild steel, the deformation is approxi- 
mately elastic so long as the load does not 
exceed the elastic limit. Beyond this limit 
the deformation becomes plastic. That 
s, the deformation remains when the load 
's removed and changes the shape of the 
piece. It is a permanent deformation. 

We know that elastic deformation is 
very small; it rarely exceeds 0.2% at the 
tlastic limit. Consequently, any load 
which causes a deformation less than 0.2% 
leads only to elastic deformation which 
tisappears as soon as the load is removed. 

m the contrary, plastic deformation as- 
a large values. Exceeding the elastic 
‘mit by only 1400 psi. changes the def- 
rmation from 0.2% to more than 1%. 

At ¢levated temperatures the elastic 
‘mut is lowered; plastic deformation sets 
i at lower and lower stresses. This stress 
called the flow limit because it corre- 
‘ponds to the flow of metal at elevated 
lormettaiation of “Note sur le retrait et les dé- 
Chief M S soudures,”’ by Dr. G. E. Claussen, 


etallurist, Reid-A 
A - t, Rei very Co. published in 
ime 100, 2357-2380, ‘No. 101, 2399-24 04 


t Engineer at the John Cockerill Co., Belgium. 


Welded Joints’ 


By F. Guyott 
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T ct 
Fig. 1—Thermal Expansion of Mild Steel 


me = dilatation, %; T = temperature, 


temperatures. Figure 2 shows the de- 
crease in flow limit of mild steel as the 
temperature is raised. 

We observe that the flow limit which is 
37,000 psi. at 0° C. falls to 23,000 psi. at 
400° C. and to 10,000 psi. at 600° C. 
Above 600° C. the flow limit rapidly be- 
comes negligible, and an extremely small 
load is sufficient to produce permanent 
deformation of the metal. This idea of 
flow limit is the basis for the phenomena 
of shrinkage and distortion of welds. 

Before commencing the main discussion, 
we wish to remind our readers that the 
tests described later were performed in a 
semi-industrial atmosphere. They are not 
of a scientific nature and may be criticized 
for lack of rigor. However, the shrinkage 
curves that we reproduce here, having been 
performed for the purpose of direct use in 
fabricating shops, and having been tested 
in practice, will give the reader, we hope, a 
tool for making first approximations which 
will remove the lack.of precision now prev- 
alent and will make it possible to explain 
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Fig. 2—Flow Limit (Yield Point) of Mild 
Steel as a Function of Temperature, T 


E = yield point, kg. per sq. mm.; 
1 kg./mm.? = 1400 Ib. /in.? 
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the great dispersion of values found in 
shops up to the present. 


Shrinkage 


Shrinkage is the residual contraction in 
volume which a piece undergoes after cool- 
ing from an elevated temperature, assum 
ing the temperature distribution is non 
uniform. For the temperature distribu 
tion to be nonuniform, the heating must 
have been localized. The part we heat 
tends to expand, but this expansion is pre 
vented more or less by the neighboring 
parts which remain relatively cool. As a 
result the heated region undergoes pet 
manent compression due to the low flow 
limit of the hot metal. Observe that to 
maintain equilibrium, the cool parts ac 
quire tensile stress. This stress is low and 
below the elastic limit of the metal. 

When heating is finished, the hot part; 
are shorter than they would be if the piec« 
has been heated uniformly. On cooling, 
the parts which contract first are stretched 
by the hotter parts which are compressed 
by reaction. Since the flow limit of hot 
metal is low this temporary stress causes 
permanent deformations: elongation of 
the cooler parts and shortening of the 
hotter parts. After nonuniform cooling 
the parts that cooled fastest are longer, the 
slower cooling parts are shorter than with 
uniform cooling. Both during heating and 
during cooling the hotter parts undergo 
permanent shortening. 

The permanent contraction of the hot 
parts is clearly smaller on cooling than on 
heating. So far, in order not tocomplicate 
matters, we have not introduced the de 
gree of restraint of the parts which causes 
the appearance of reaction stresses. The 
practical case which illustrates the pre 
ceding discussion is the removal of wrinkles 
or buckles from a plate by heating localized 
spots with an oxyacetylene torch. During 
its expansion the heated part undergoes 
permanent contraction due to the restraint 
exerted by neighboring cooler parts. To 
secure maximum effect from the operation 
cooling should be rapid. The final result is 
that the shortening of the heated part is 
sufficient to cause the bump to disappear. 

We should observe that the effectiveness 
of this process depends on the position of 
the heated area relative to the whole. In 
fact, if the heated area is surrounded on all 
sides by an approximately equal mass of 
metal, this mass remains relatively cool 
and acts as a restraint upon the heated 
part whose permanent contraction thus 
assumes a maximum value both during 
heating and during cooling. The situation 
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is different if the heated part is localized at 
one edge of the piece. In this event the 
restraint may be small and the permanent 
contraction of the heated part is reduced in 
proportion. 

The welding operation, while resembling 
the hot-spot method somewhat, differs 
from it because the heat is‘brought to the 
piece in the form of a fused mass of metal 
deposited in a groove between the cool 
scarves of the piece. The deposition of 
this fused mass of metal in a volume 
limited by the space between the scarves 
gives rise to a contraction of the deposited 
metal during cooling. This contraction 
corresponds to a decrease in the initial 
volume of the space between the scarves, 
because fusion occurs within this space. 
Thus it is a question of shrinkage of the 
weld. 

The deposition of fused metal heats the 
piece, the temperature rise being maxi- 
mum at the point of deposit and decreasing 
rapidly at a distance. The piece is heated 
nonuniformly and therefore undergoes 
permanent contraction. This contraction, 
as we shall see later, assumes different 
values in different directions. 

(a) In the direction of the weld the per- 
manent contraction of the piece is rather 
large. It occurs parallel to this direction 
and acts as a brake on the contraction of 
the deposited metal itself. 

(b) In the direction transverse to the 
weld the permanent contraction of the 
piece itself is very small. However, we 
shall see later that there is a permanent 
contraction of the deposited metal which 
must be added to the permanent contrac- 
tion of the piece itself. 

Now that we have outlined the problem, 
we are ready for detailed study of shrink- 
age phenomena in the principal practical 
cases. 


PART 1. TRANSVERSE 
SHRINKAGE 


Section 1—Two Bars Butt Welded Together 


To simplify matters we assume the 
following test conditions: 

(a) The width of the joint is constant. 

(b) The weld is deposited at one time 
throughout the thickness and width of the 
joint. 

(c) The temperature is constant from 
the top surface to the bottom; in other 
words contraction is limited to the plane of 
the bars. 

(d) We consider only the transverse 
shrinkage, that is, perpendicular to the 
axis of the joint. 

(e) The length in the direction of the 
joint is short; that is, the pieces to be 
joined have the shape of a bar. 

(f) One end of the bars is supposed fixed 
to simplify the measurement of displace- 
ments. 

Later we will see what happens when 
these assumptions are modified in accord- 
ance with practical conditions. Above all, 
we must recall once again that steel loses 
practically all its resistance to permanent 
deformation when the temperature reaches 
600° C., and inversely steel at a high 
temperature commences to resist perma- 
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Fig. 3—Temperature Distribution Perpen- 
dicular to the Weld 


Curve I, temperatures at the beginning 
of cooling. Curve II, temperatures at the 
instant the weld cools to 600° C. Dotted 
line III, average temperature calculated 
from Curve II. T = temperature, ° 


nent deformation only when the tempera- 
ture has fallen below 600° C. 

In the phase of heating corresponding to 
the deposition of the fused mass of weld 
metal the temperature distribution along 
the transverse axis is shown* by Curve I 
of Fig. 3. But the deposited metal cools 
rapidly to 600° C. at which time the tem- 
perature distribution is shown by Curve 
II, which is equivalent to a uniform tem- 
perature of 350° C., Line III, along the en- 
tire length of the bar. At this temperature 
the bar has lengthened a certain amount 
d,. This elongation of the bar causes the 
displacement of point 2 to the right and of 
point 3 toward the left, whence the per- 
manent contraction of the hot deposited 
metal is 2d. 

Starting at this moment the shrinkage of 
the joint itself begins. The temperature 
continues to fall and tends to become 
equalized along the length of the bar. The 
two halves of the bar shorten during cool- 
ing. Point 2 returns to its initial position, 
but point 3, owing to the rigidity acquired 
by the weld metal, follows the movement 
of point 2. Furthermore, point 3 ap- 
proaches point 2 a distance corresponding 
to the contraction of the weld metal in 
cooling from 600 to 15° C., that is, the dis- 
tance d,. Points 3 and 4 thus are displaced 
to the left by a distance d, = 2d; + de, 
which represents the shrinkage of the 
piece, or the movement of point 4 toward 
the fixed point 1. 

Really we have committed a slight error 
concerning the distance d;. Asa matter of 
fact the temperature of 350° C. is an 
average which really varies from 600° C. to 
room temperature. Consequently, as 
shown before, there is an additional perma- 
nent contraction of the hot parts of the bar 
due to the presence of the coolends. But 
this permanent contraction is very small 
because the ends 2 and 3 of the original bars 
are free to move toward the center of the 
joint during heating. In fact, the re- 
straint exerted by the cool ends near 1 and 
4 is practically nil. 

Summarizing, we see that weld shrink- 
age consists practically of (1) permanent 
contraction of the deposited metal caused 
by elongation of the parts to be joined and 

(2) the contraction of the deposited metal 
itself. The first contraction is about ten 
times the second. 


a From R. Malisius, Die Schrumpfung Gesch- 
weisster Stumpfndhte. 
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What Happens When the Joint Is Made in 
Two Passes Instead of in One? 


The deposition of the first layer in one 
half of the joint produces an over-a|j 
shrinkage in the same way as befor e€, but 
because the mass of the deposit is smaller, 
its shrinkage is likewise smaller. Now let 
us suppose that the second layer jis de. 
posited after complete cooling of the first. 
Conditions now are similar to the case of 
the hot spots. The middle section of the 
bar, heated to a high temperature by the 
second layer, cannot expand completely 
freely owing to the presence of the cool 
parts at the ends of the bar. Thus the 
middle portion is upset. When cooling 
sets in, the deposited metal contracts, but 
is partially prevented by the adjacent part 
underneath which remains relatively rigid 

As a result there is an increase in shrink- 
age beyond that due to the first layer 
This increase may vary from almost zero 
toamaximum. It will be almost zero when 
the ends 1 and 4 are completely free to 
move outward. It will be maximum when 
*the ends 1 and 4 are prevented from mov 
ing outward. Nevertheless even in this 
last event the over-all shrinkage caused by 
the deposit of the two layers will not exceed 
the shrinkage observed when the entire 
joint is formed of a single layer. 

In practice the second case is encoun 
tered most frequently or at any rate the 
second case represents a limit to which all 
practical cases approach more or less. Iti 
difficult to determine the degree of rm 
straint in practice. For this reason th 
selected value is a compromise between th 
value for a joint made in a single layer 
for the first layer of a multilayer joint 
The selected value therefore is subject t 
certain amount of uncertainty 

The above reasoning is valid for any 
number of layers of weld metal. We nov 
establish a formula* showing the relation 
ship among the factors causing shrinkage 0 
‘a welded bar. We have seen that the tota 
shrinkage is composed of two parts. Th 
first is due to the heating of the bar and 

(a) proportional to the quantity of heat 
applied to the joint or in other words | 
the cross-sectional area s of the joint 

(b) inversely proportional to the thick 
ness e of the bar through which the ! 

flows, 


* From R. Malisius 
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Fig. 4—Temperature Distribution During 


Welding. Dotted Curves Are Isotherm 
Ellipses 


Obtuse angle XDX’ = zone eatin 
acute angle XDX’ = zone of cooling. 
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iq. 5—Temperature Distribution in the 
Welded Joint 


(a) Shrinkage completed; (b) in process 
of shrinking; (c) plastic zone. 


(c) proportional to the thermal ex 
pansion \, corresponding to the mean tem- 
perature in the bar, or approximately 


= 350°C. 


i’ = temperature at which elastic 
action disappears, 
t = room temperature. 


The effect of welding procedure, type of 
electrode, coefficient of thermal conduc 
tivity and operator technique, is put into 
an empirical constant k. This first part of 
the shrinkage is 


Ss 
R= 


The second part of the total shrinkage 
R, corresponds with the contraction of the 
joint itself and is proportional to the 
iverage width, 6, of the joint, and to the 
thermal expansion A, of the deposited 
metal between ¢t’ and t. The total shrink- 


ige 1S 
R,; + ob (1 


In the case of more than one layer R; 
calculated according to (1) for each layer 
must be considered as a maximum value 


Values of the Constants 
\y = 0.0044 and Ax = 0.0093 


In the are welding of ordinary structural 
steel with covered electrodes using normal 
current and speed, the value of k varies be- 
tween 45 and 55 depending on the thick- 
ness of the covering, the average value of 
k being 50. For torch welding & = 75. 
Example: Weld a bar 10 mm. thick in 
one layer, average width of joint b being 5 
mm, 


50 
Ri = 50 0.0044 x 1.1 mm. 
= 0.0093 5 = 0.0465 mm. 
= 1.1 + 0.0465 = 1.146 mm. 
In 


_in the case of two layers we have: 
Shrinkage due to the first layer. 


Fig. $—Angular Distortion of a V Butt Weld 
1947 


Fig. 7—Double V Butt Weld with Large 
Land d to Restrict Shrinkage 


25 
R, = (0.0044 x 50 X io) + 


(0.0093 & 5) = 0.596 mm 


Section 2— Butt-Welded Plates 


The assumption made for the welded 
bars that all weld metal was deposited at 
once is not reasonable for long joints 
Consequently, the following assumptions 
are made: 


1. The plates are not clamped down 

The plates are free to move in their 

own plane. 

3. The joint is made in a single layer of 
constant width. 

4. Welding progresses continuously 
from A to B, Fig. 4. 


Laboratory experiments have shown 
that at any time during the process of 
welding the isotherms around the arc are 
ellipses, the major axis coinciding with the 
axis of the weld. Two thermal zones can 
be distinguished on the surface of the 
plates: (a) the zone of heating, and (5) the 
zone of cooling. These two zones are 
separated by the perpendiculars DX and 
DX’, which join the ends of the minor 
axes of the isothermal ellipses. 

The zone of cooling, which is in the in- 
terior of these two perpendiculars, corre- 
sponds to the zone of shrinkage, while the 
zone of heating, situated outside the two 
perpendiculars, corresponds with the zone 
of expansion. In the zone of cooling we 
distinguish also between the plastic region 
where the temperature exceeds 600° C., 
and the region of true shrinkage where the 
temperature is below 600° C., Fig. 5. 

We will now consider a narrow trans- 
verse band passing through point C, Fig. 4, 
where the temperature is 600° C. The 
shrinkage of this band is the resultant of 
three phenomena: 


1. The permanent contraction in the 
joint caused by the expansion of 
the two half-bands of plate, 

2. The permanent contraction of the 
joint itself. 

3. The contraction of the joint at C 
caused by shrinkage of the pre- 
ceding parts of the joint. 


Fig. 8—Double V Butt Weld with Land 
Completely Fused 


Fig. 9—V Butt Weld, Full Weave 


We will study each phenomenon sepa- 
rately. 


First Phenomenon 


This part of the shrinkage, as we have 
seen in the discussion of welded bars can 


be expressed by kA, e A correction to this 


for the length of the parts to be welded is 
required for plates. The temperatures 
found along the band AB are the resultant 
of preheating from A to C, and postheating 
from C to D. No matter what the speed 
of welding, the sum of the quantities of 
heat due to preheat and postheat remain 
the same. As a first approximation we 
assume that the heat carried between the 
lines ab represent only half of this sum. 
Since besides there is more heat produced 
in front of point B than behind, we decide 
upon 0.6 as the proportion of heat trans- 
mitted along the band AB. For this part 
of the shrinkage we write: 


Ss 


Second Phenomenon 


This part of the shrinkage is the same as 
for the bars: Ro = dsb. 


Third Phenomenon 


The contraction at C due to the shrink 
age of the preceding sections is merely a 
mechanical transmission of these shrink- 
ages. As soon as the first section of the 
joint has cooled sufficiently, the two plates 
rotate around this first section. In this 
way the plates are brought closer together 
in the regions yet to be subject to shrink 
age. Of course, the cooled section of the 
weld resists this rotation partially and 
thus acquires tensile shrinkage stress. The 
following section deforms and acquires 
compressive shrinkage stress. 

The mechanical transmission of the 
shrinkage is more complete the freer the 
plates from restraint. In practice this 
freedom almost never exists. The plates 
are tacked, or welded according to a wan 
dering sequence as explained later, Fig. 11 
But even in these events indirect shrinkage 
still occurs to some extent. We assume 
the indirect shrinkage to be one-third of 
the direct shrinkage; R; = 0.3 (R; + R:»). 

The total shrinkage of two free plates 
tacked or welded with wandering sequence 
1s: 


Ri = Ri + Re + 03(Ri + R) = 
1.3(Ri + Re) 
or = 1.3( wb) (2) 


Fig. 1O—V Butt Weld, Beading Technique 
SHRINKAGE AND DISTORTION OF WELDED JOINTS 
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Fig. 11—-Longitudinal Distribution of Welds 
(a) Method of separated beads; (b) continuous pilgrim step; (c) interrupted pilgrim step; 


p = tacks; e = thickness of plates. 
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Fig. 12—Transverse Shrinkage of Butt Welds as a Function of the Cross Sectional 


Area of the 


eld for Different Thicknesses of Plate 


5 = cross-sectional area of weld metal, sq. mm.; R; = transverse shrinkage, mm. 


Fig. 13—Transverse Shrinkage of Fillet 
Welds 


Fig. 14—Fillet Welds with and Without 
Edge Preparation 


oh 1.3(0.6 x 0.0044 50° 


0.00986 ) 


or R; = 0.1716 = + 0.01215 for covered 
electrodes. 


Influencing Factors 


1. Geometric Factors (Shape and Thick- 
ness of Joint).—-The shape of the joint has 
considerable effect on transverse shrink- 
age. If the joint is unsymmetrical, V- 
shaped for instance, the width being 
greater on one side than on the other, the 
wide side rises and forms an angle less than 
180°, causing angular distortion, Fig. 6. 
Ordinarily angular distortion is prevented 
by clamping, the weld being strained in 
the upper fibers as a result. Asa rule this 
reduces the total shrinkage somewhat. 

The same straining of the surface fibers 
occurs on both sides of a symmetrical joint, 
X-shaped for instance. This prevention of 
some of the shrinkage produces tensile 
residual stress in the outer surfaces of the 
plates and compressive residual stress in 
the central fibers. Even with a rectangu- 
lar joint (square butt) the shrinkage is not 
uniferm over the entire thickness of the 
joint due to the impossibility of forming 
the joint in a single layer distributed sym- 
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metrically on the two faces of the joint 
More or less internal stress always will tx 
found depending on the extent. to which 
the weld approaches a single layer. Thy 
thicker the plates, the more difficult it jx 
to approach single-layer conditions, and 
the more serious is the action of interna) 
stresses in reducing the shrinkage. 

It is not true that shrinkage can be pre 
vented by reducing the spacing between th 
plates to zero. In fact, this can reduce th 
shrinkage only if the root face d, Fig. 7, ix 
relatively high and if the first passes do not 
melt them. In this event the unmelted 
metal at the root face resists the contra: 
tion of the deposited metal to some extent, 
and internal stresses are created. How 
ever, in the majority of cases the root 
faces are entirely fused even when th 
spacing is zero, and they do not restrain 
shrinkage, Fig. 8. 

2. .Technique of Welding.—Three fac 
tors are involved: (a) the number of 
layers, (b) the speed of welding, (c) th 
procedure of welding. 

(a) We have discussed the effect of th: 
number of layers already. The total 
shrinkage obtained with several layers is 
always less than that for the same joint 
made in a single layer. To reduce shrink 
age to a minimum we should endeavor to 
weld the joint with a maximum number of 
layers. That is, we should use small ele 
trodes. 

(b) It seems that speed of welding has « 
great effect on shrinkage, particularly on 
indirect shrinkage. Since indirect shrink 
age arises from the fact that the entir 
joint cannot be made simultaneously, it 
appears that the joint should be made as 
fast as possible. This implies high currents 
with large electrodes. Our preceding 
paragraph called for the use of small elec 
trodes. A compromise therefore is in 
order, we should use electrodes of medium 
diameter. 

(c) Two points have to be considered im 
welding procedure. First, the manner 
of depositing beads in the joint, either full 
weave, Fig. 9, or split weave, Fig. 10 
Split weaving or stringer beading involves 
fusion of only a narrow zone in the joint 
In other words, the contraction of the de 
posited metal itself has less action in pull 
ing the plates together. As a result the 
total shrinkage is reduced. On the con 
trary, angular shrinkage, if permitted, | 
higher. 

Full weaving melts both plates and 
direct shrinkage is maximum. Further 
more, the speed of welding along the length 
of the joint is much slower than with bead 
ing and indirect shrinkage likewise 
greater. 

The second point to be considered ts the 
distribution of beads along the axis of the 
joint. The distribution of the first pass 0" 
the first passes along the axis of the jom! 
can follow three patterns, Fig. 11. 


1. Continuous progression from om” 
end of the joint to the other 

2. Sections of welds distributed regu 
larly along the length of the joint 
and made in the same direction, 
Fig. 10 (a). 

3. Back-step welding, either continu 
ous, Fig. 10 (0), or interrupted 
Fig. 10 (c). 


arked 
In case 1 the plates always are ‘a ked 
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got too strongly to inhibit freedom of 
movement, but sufficiently to prevent 
overlapping. This procedure produces 
maximum indirect shrinkage. On the 
other hand, if the plates are more re- 
strained at one end than at the other, it 
may be better to select one end as the 
starting point. In fact as welding pro- 
gresses the plates become hotter and 
shrinkage greater. It is desirable there- 
fore to weld toward the more rigid end 
since in this way the increasing shrinkage 
is counteracted by the rigidity at the end 
of the joint. It is not so much the true 
shrinkage that we wish to reduce as the 
distortion and internal stresses. 

In the second case the action of the in- 
direct shrinkage and particularly the 
deformations which accompany it are re- 
duced because the plates are partly tied 
together by preceding sections. The direc- 
tion of welding is as important as in the 
first case. 

In the third case indirect shrinkage is 
practically zero since the direction of de- 
positing each section is opposite to their 
succession. The distance of each section 
or step must be 10 to 15 times the thickness 
of the plate. If this distance is too short 
the procedure would resemble continuous 
welding from A toward B and the plates 
would press together more and more 
toward point B. If the distance is too 
great, the indirect shrinkage would be felt 
in the interior of the section and the plates 
would press together at A. 

When the successive sections are sepa- 
rated by one or two section lengths, the 
shrinkage is more uniform over the entire 
length of the joint, and deformation is at 
aminimum. In this way we approach the 
condition of depositing the entire weld at a 
single instant. After the first series of 
sections is deposited, we return to the be- 
ginning to depusit the second series, and so 
on. This technique, while it gives risé to 
minimum shrinkage, ties the plates to- 
gether rather rigidly and consequently 
peaks of high residual stresses are dis- 
tributed along the axis of the joint alter- 
nately tensile and compressive. Once the 
first one or two passes are deposited ac- 

ording to the second or third method, it 
is immaterial whether the use of sections 
iscontinued. We finish the weld with con- 
tinuous passes taking care to change di- 
rection for each layer in order that 
shrinkage and internal stresses be dis- 
tributed un‘formly. 

_ 3. Degree of Rigidity of the Plates. 

The transverse shrinkage depends to a 
large extent on the degree of fixity of the 
plates; that is, their freedom to move 
tither in their own plane or outside. We 
are most interested here in their freedom 
‘o expand and contract in their own plane. 
It is extremely difficult in practice to esti- 
mate this degree of freedom. It depends 
on the shape of the structure, its dimen- 
‘ions, its rigidity and the degree of re- 
‘taint of the individual parts. Conse- 
ently there is a partition between the 
possible shrinkage and the internal 
‘tresses, which are the resultant of all re- 
‘trained deformation. This is one of the 
‘sential problems of welding technique. 
The technicians must appreciate the 
ference between possible shrinkage and 
the maximum shrinkage the parts would 
undergo if they were completely free. We 
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must not wander too far from reality if we 
wish to avoid serious miscalculations. We 
must state at this time that there is a 
considerable difference between the trans- 
verse shrinkages calculated a priori and 
the corresponding shrinkages measured in 
practice. Therefore we have conducted 
a series of laboratory tests to verify the 
formulas. The results are shown in Fig. 
12. 

The solid curves in Fig. 12 represent the 
variation of transverse shrinkage with the 
transverse sectional area of the welded 
joint for a series of plate thicknesses. The 
dotted lines correspond with the shrinkage 
calculated by means of the formulas given 
in the preceding sections. The plates 
were welded with covered electrodes. Full 
weaving was used for the thinner plates 
and a combination of weaving and beading 
for the thicker plates. The plates were 
beveled for V or double V and with varying 
root spacing to vary the sectional area of 
the weld. Depending on the joint, the 
electrodes were 0.128, 0.16, 0.20 or 0.24 in. 
diam. The welding currents were 150 
amp for 0.128 in., 190 amp. for 0.16 in., 
250 amp. for 0.20 in. and 310 amp. for 
0.24 in. 

The assemblies were 11*/, in. wide, 
11%/, in. long. Shrinkage was measured 
between three pairs of lines 4, 8 and 11°*/, 
in. apart. Three points on each line, one 
at each end and one at the middle, per 
mitted nine measurements on each as 
sembly. The speed of welding was nor- 
mal, and interruptions were just sufficient 
to prevent abnormal heating of the plates. 

Since the plates were completely free to 
move, the measured shrinkages are the 
maximum to be expected and even exceed 
the calcuwJated values for plates up to 1 in 
thick. For plates thicker than 1 in. the 
internal stresses are such that shrinkage 
becomes less and less. At large values of 
weld cross section the shrinkage tends to 
become constant and in no case exceeded 
0.142 in. 


Section 3— of Fillet 
elds 


As for butt welds, the transverse 
shrinkage of fillet welds is composed of two 
parts: (a) the shrinkage of the deposited 
metal itself, and (b) the shrinkage of the 
parts heated unequally during welding. 
The transverse shrinkage is distributed 
along the two planes formed by the plates 
Land II, Fig. 13. 

The metal deposited in one pass has a 
nearly triangular section ABC. This 
metal contracts in all directions during 
cooling and the cross section of the joint 
becomes A’B’C’. Three contractions can 
be measured : 


1. AC-A’C’ which occurs parallel to 
the plane of plate I. 
AB-A'B’ which occurs parallel to 
the plane of plate II. 
3. BC-B’C’ which occurs along the 
hypotenuse of the triangle. 


to 


Plates I and II, being heated nonuni- 
formly by the weld deposit, tend to con- 
tract in their plane. These forces of con 
traction have less effect than those due to 
the contraction of the deposited metal 
since the plates are heated only near their 
surface. The contraction of the deposited * 
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metal cannot occur completely owing to the 
restraint offered by the cooler axial parts 
of the plates. As for contraction 1, Fig 
13, along the hypotenuse of the triangle, it 
causes the two plates I and II to pivot 
toward one another following 1’ around a 
longitudinal axis represented by the apex 
A of the triangle. We will not discuss 
this angular distortion now, and will sup- 
pose that it is prevented by appropriate 
clamping. 

Plate II will shorten in accordance with 
arrows 2’ and plate I will shorten in ac- 
cordance with the arrows 3’. There is a 
rather clear difference between shrinkage 
2’ and shrinkage 3’. Plate I exerts 
greater restraint on contraction 3 of the 
deposited metal than plate II, whose con- 
tact with plate I is never perfect, which 
favors shortening of plate II. Even if 
this contact were perfect the restraint of 
plate II on contraction 2 of the deposited 
metal would be smaller. 

We can expect then that the shrinkage 
in the plane of the vertical plate II will be 
more pronounced than the shrinkage in the 
plane of the through plate I. We will not 
attempt here to suggest a formula permit- 
ting a priori calculation of shrinkage in 
fillet welds. The problem is too complex 
and practical problems too varied to make 
the attempt worth while. It will suffice 
to point out the principal factors affecting 
shrinkage and to present some laboratory 
results. 

Shrinkage of fillet welds depends on: 


1. The cross section of the weld itself. 

2. The number of layers. 

3. The distribution in thickness of the 
layers. 

The shape of the joint. 

The number of welds in the assem 
bly. 

6. The play between the perpendicular 

plate and the through plate 


4 
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Fig. 15—Cross-Shaped Assembly with 

Stiffeners and Abutment Plates to Measure 

Transverse Shrinkage Due to Welding the 
Stiffeners and Abutment Plates 
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7. The relative position of the plates 
of the assembly. 
8. The rigidity of the structure. 


The thickness of the plates to be joined 
also is important, but we have observed in 
practice that this effect is small at least for 
common thicknesses. Of course, when the 
fillet welds are small with respect to the 
plate thickness, the shrinkage may be very 
small or even practically zero, owing to the 
fact that the plates cannot deform. The 
entire shrinkage in this case is converted to 
internal stresses or to a longitudinal crack 
through the throat of the fillet. 

We now consider each of the eight factors 

ndividually. 


1. The most important factor is the 
cross-sectional area of the weld. The 
larger the cross section, the greater is the 
shrinkage. 

2. The increase in cross section of the 
joint can be accomplished in a single pass 
by using larger and larger electrodes, or by 
a greater number of layers. In the first 
case shrinkage increases almost directly 
proportional to the diameter of the elec- 
trode. In the second case the shrinkage 
increases less and less rapidly with increas- 
ing number of passes, due to the appear- 
ance of internal stresses resulting from the 
restraint offered by preceding cool layers 
of weld metal. 


3. The effect of weaving compared 
with beading is the same as for butt welds. 
Full weaving causes more shrinkage and 
more angular distortion than beading. 

4. The perpendicular plate may be 
beveled or not, Fig. 14. In the second 
case the unmelted thickness at the root is 
maximum, shrinkage is rather strongly pre- 
vented, and internal stresses become ap- 
preciable. When the plate is beveled 
nothing opposes any longer the drawing 
together of the two plates, shrinkage is 
maximum and internal stresses are mini- 
mum. 

5. The number of welds in the as- 
sembly is important, but we may expect 
that shrinkage is not proportional to the 
number of welds. We must separate the 
effect of the number of welds in one section 
of the assembly from the number of sec- 
tions in the assembly. 

6. As for the space between the per- 
pendicular plate and the through plate, it 
is obvious that the greater the spacing, 
the greater is the shrinkage. As the gap 
increases from zero to the value corre- 
sponding to the true shrinkage of the de- 
posited metal, the restraint due to the 
unmelted metal of the perpendicular plate 
will vary from maximum to zero. 

7. There are a rather large number of 
different ways of arranging the plates to be 
assembled. We will consider only the most 
usual, the most simple, shown in Fig. 15. 

8. The rigidity of the structure is the 
critical point of this study. There is the 
same lack of precision as in butt welds. 
As soon as the rigidity reaches a certain 
value, shrinkage cannot occur completely 
and internal stresses become important. 
Basically what interests us most here is 
to determine the magnitude of the shrink- 
age for fillet welds in the most common 
cases, in particular those in which shrink- 
age is essential to determine the amount of 
excess metal for machining after welding. 


Test Results 


The assembly we studied is shown in 
Fig. 15. This assembly is composed of one 
plate A and two plates B, these three 
plates being welded together by four longi- 
tudinal fillet welds so as to form a cross. 
There are also two abuttment plates C 
welded to the cross by fillet welds, and 
three groups of four stiffeners at equal 
distances along the length of the cross. 
Each stiffener of each group is placed in 
one of the four angles of the cross. All 
these stiffeners are welded by double fillet 
welds to plates A and B. All fillet welds 
were made in four layers, full weave in the 
flat position (45°). 

Procedure: 1. Formingthecross. De- 
position of successive layers in the order I, 
III, Iland IV. 

2. Welding the abuttment plates. De- 
position of successive layers in the order 
shown in Fig. 15 (a). 

3. Welding of the groups of stiffeners. 
Deposition of successive passes in the 
order shown in Fig. 15 (6). 

Note: First layer: 0.128 in. covered 
electrode, 135 amp. Foilowing 
layers: 0.16 in. covered elec- 
trode, 180 amp. 


Measurements.—Shrinkage was meas- 
ured between the end faces X and Y of 
the abuttment plates at points 1, 2, 3, 4 
and 5. A measurement was made after 
welding the two abuttment plates, after 
depositing each of the four layers com- 
prising the fillet welds. A measurement 
was made after welding each group of 
stiffeners after depositing each of the four 
layers comprising the fillet welds. Three 
assemblies of the type shown in Fig. 15 
have been studied, (1) plates 0.32 in. 
thick (2) plates 0.63 in. thick, (3) plates 
0.95 in. thick. The total of 960 measure- 
ments are summarized in Fig. 16. 

Explanation of Fig. 16.—We have con- 
sidered the following important variables: 
(1) The cross-sectional area of the welds 
in square millimeters, (2) the number of 
groups of stiffeners, (3) the transverse 
shrinkage. Four curves are shown. 

(a) A group of three curves each cor- 
responding to the welding of a group of 
four stiffeners. The cross-sectional area 
plotted on the horizontal axis shows the 
increasing cross section of each fillet join- 
ing the stiffeners to plate A or plate B. 
The measured shrinkage corresponds to 
the contraction in the plane of plates A or 
B (contraction 3’ in Fig. 13). In fact 
it is a question of the transverse shrinkage 
of a through plate with two perpendicular 
plates welded thereto with four fillet 
welds, Fig. 15 (c). 

(b) A fourth curve shows the change 
in transverse shrinkage as a function of 
the increasing cross section of the fillet 
welds of the two abuttment plates. Here 
again the cross section represented on the 
horizontal axis of Fig. 16 corresponds to 
the cross-sectional area of each fillet con- 
necting plate A or B to the two abuttment 
plates. 

The shrinkage plotted on the vertical 
axis of Fig. 16 represents an average of 
measurements made at points 1, 2, 3,4 and 
5, Fig. 15 (e), for the three assemblies com- 
posed of plates 0.32, 0.63 and 0.95 in. 
thick. We have found no systematic dif- 
ference in shrinkage with the three thick- 
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nesses. These are all dealing with the 
transverse shrinkage of one plate attached 
to another by two fillet welds, Fig. 15 (q). 

Conclusions —1. Curve I. The weld- 
ing of two plates to another by means of 
four fillet welds causes a transverse shrink. 
age in the through plate which may reach 
a maximum value of 0.60 to 0.65 mm 
(0.024 to 0.026 in.) for a cross-sectional 
area of the fillet equal to 75 mm.? (().1 1) 
sq. in.) corresponding to a */s-in. fillet 
(8.5 mm.). The shrinkage does not jp. 
crease beyond this value. 

2. Curvell. If we weld a second pair 
of plates to the same through plate, the 
shrinkage is more than doubled. It also 
increases more rapidly and attains a value 
of 1.5 mm. (0.059 in.) for a cross-sectional 
area of 0.20 sq. in. (128 mm.?) corre 
sponding to a fillet of 11 mm. (0.48 in 
Beyond this the shrinkage still seems to 
increase a little. The maximum appears 
to be reached at a cross section of 160 
mm.? (0.25 sq. in.) corresponding to a 
fillet height of 0.47 in. (12 mm.). The 
pronounced increase in shrinkage after 
welding the second pair of plates probably 
is due to partial release of internal stresses 
caused by the first pair of plates. 

3. Curve III. Welding a third pair 
of plates to the same through plate causes 
searcely any change in shrinkage. The 
increase in shrinkage is appreciable only 
for large weld cross sections. However, 
this increase does not exceed 0.12 mm, 
(0.005 in.). Certainly welding a fourth 
pair of plates to the same through plate 
would cause no further increase in shrink- 
age. It is important to observe that the 
transverse shrinkage of a plate with any 
number of plates welded thereto will not 
exceed 1.6 to 1.8 mm. (0.063 to 0.071 in 
The reason is found in the fact that in 
ternal stresses are more important and that 
they are so distributed in the through 
plate as to oppose new shrinkage forces 

4. Curve IV. Welding a perpendicu 
lar plate to a through plate by means 0! 
two fillet welds causes a transverse shrink- 
age in the plane of this perpendicular 
plate which is almost proportional to ty 
cross-sectional area of the fillets. As wé 
stated previously the perpendicular plat 
shrinks more than the through plate. For 
the same cross section of 128 mm.* (/ 


Z 


Fig. 16—Results of Transverse Shrinkage 
Measurements on Welded Stiffeners 2” 

Abutment Plates 


R, = transverse shrinkage, m™m.; - ~ 
cross sectional area of weld, sq. mm. 
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il mm.) the shrinkage is 2.8 mm. (0.11 
in.). The shrinkage continues to increase 
for larger cross sections and attains a 
maximum of 3.5 mm. (0.138 in.) for a 
fillet cross section of about 200 mm.? 
(h = 13.5to14mm.). 


PART II. LONGITUDINAL 
SHRINKAGE 


Up to this point we have considered 
transverse shrinkage, that is, shrinkage 
perpendicular to the weld. We will call 
longitudinal shrinkage that which occurs 
parallel to the weld. To understand the 
mechanism of this shrinkage we will advert 
to the beginning of these notes. We found 
that a portion of the shrinkage was com- 
posed, on the one hand, of the shrinkage 
of the deposited metal itself and on the 
other hand, of the permanent contraction 
of the piece heated nonuniformly by the 
deposited metal. In the transverse direc- 
tion of the welded joint these two effects 
are additive. Parallel to the direction of 
the welded joint the two effects are not 
additive, but act in opposite directions. 
As a matter of fact the deposited metal 
causes the greater shrinkage because it is 
deposited over a great length. 

If the weld metal were deposited over 
its whole length in a mold of the same 
cross section but whose walls did not fuse, 
the contraction would be maximum and 
could be calculated according to the fol- 
jowing empirical formula: 


KX AX = at + bt? 


where \ is the change in length per meter 
of length, t is the maximum temperature 
reached by the metal, 


a = 11475, an experimental constant, 
bh = 5.3,an experimental constant. 


Assuming that permanent contraction 
commences at 600° C., there would be a 
final contraction of X = (11,475 & 600) + 
(5.3 X 600?) 10-* = 8.8 mm. per meter. 

In the actual case of welding the walls 
of the mold participate in the fusion, and 
furthermore the plates are heated non- 
uniformly, the maximum temperature 
being reached in the transition zone and 
rapidly falling toward the outside of the 
plates, Fig. 3. It is easy to see that the 
metal adjoining the weld will oppose its 
contraction to an ever greater extent as 
the temperature falls. Of course, this 
restraint causes internal tensile stresses 
in the exterior, cooler fibers of the plates. 

It is also obvious that the thicker and 
wider the plates, the more effective is the 
restraint. We can foresee a close relation 
between the transverse cross-sectional 
area of the plates and the cross-sectional 
area of the weld, in so far as longitudinal 
shrinkage is concerned. Of course, the 
longitudinal shrinkage of a single layer of 
weld metal always will be less than the 
Value of 8.8 mm. per meter cited above. 
We will call “reststing cross section’’ the 
total cross section of the welded plates in 
the transverse direction and ‘‘weld cross 
Section” the total cross section of the joints 
Involved in assembling these plates. 


Method of Test 
To maintain the effect of the welding in 
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Fig. 17—Longitudinal Shrinkage. Cross-Shaped Specimen Showing Locations of 


Measurements 


its own direction, we must use an as- 
sembly that is symmetrical in its trans- 
verse section. Thus we decided upon 
cross-shaped assemblies. We made eight 
assemblies by means of plates of increasing 
widths and thicknesses to secure a resist- 
ing cross section varying from 250 to 
12,000 mm.? (0.4 to 18.5 sq. in.), Fig. 17 
and Table 1. 

The length of the crosses is 500 mm. 
(19.7 in.). Each fillet weld made in four 
layers. Longitudinal shrinkage was meas- 
ured after each pass was deposited. One 
measurement was made after the deposi- 
tion of a layer in angles I and III; another 
measurement after the deposition of a 
layer in angles II and IV. In this way 
for each assembly we have been able to 
show the variation of the shrinkage as a 
function of the increasing weld cross sec- 
tion. Each plotted measurement is the 
average of seven measurements made at 
points 1, 2,3, 4, 5, 6 and 7, Fig. 17. 

A total of 448 shrinkage measurements 
was made, and they have been plotted as 
a series of curves in Fig. 18. The maxi- 
mum weld cross section for the eight as- 
semblies is 460 mm.? (0.71 sq.in.). Values 
of shrinkage for weld cross section over 
460 mm.? have been obtained by extra- 
polation. 

Each curve represents the variation of 
longitudinal shrinkage per meter of length 
as a function of the resisting section of 
the assembly and for constant weld cross 
section. It is easy to understand how the 
curves have been obtained. A curve 
showing variation of shrinkage as a func- 
tion of increasing weld cross section was 
drawn for each assembly. The eight 
curves so obtained being plotted on a 
single sheet, it was merely necessary to 
draw a series of vertical lines each corre- 
sponding to a given value of weld cross 
section, and to record the value of shrink- 
age at the intersections with the eight 
curves. The eight points of intersection 
gave the shrinkage for one series of values 


of resisting cross section. Each vertical 
line thus gave rise to a curve of the family 
drawn in Fig. 18. The shrinkage meas- 
ured on the first assembly (S = 256 mm.*) 
has not been plotted. In fact the shrink- 
age was so high that it could not be plotted 
on the diagram. The maximum shrinkage 
per meter for this assembly is 14.5 mm 
(0.57 in.). Obviously such large values of 
shrinkage seldom are encountered in 
practice. 


Comments 


1. It should be observed that the 
curves in Fig. 18 have an exponential ap- 
pearance. That is to say, the shrinkage, 
which attains high values for small re- 
sisting sections, falls extremely rapidly as 
the section increases. The shrinkage tends 
to become constant when the resisting 
section exceeds a certain value. This 
exponential appearance need not surprise 
us. In fact, the resistance to shrinkage 
offered by the resisting section increases 
very rapidly because the effect of shrinkage 
is a maximum in a relatively narrow band 
symmetrical with respect to the axis of 
the weld. Outside this band, only rather 
low temperatures are reached during 
welding and the metal offers a rapidly in- 
creasing resistance to the shrinkage arising 
from the hot parts. The resisting section, 
once it has exceeded slightly the section 
corresponding to the hot parts of the 
assembly, exerts essentially its maximum 
resistance. Further increase in resisting 
section has scarcely any effect on shrink- 
age. 

The following observation makes this 
phenomenon more significant. When the 
cross-sectional area of the weld is in- 
creased, the highly heated transverse por- 
tion, which is acted upon by shrinkage, is 
larger, and the resisting section necessary 
completely to prevent the effects of shrink- 
age also is larger. This is what the curves 
show. The dotted curve in Fig. 18 shows 


Table 1—Transverse Dimensions of the Eight Assemblies and Their Resisting 
Cross Section 


Thickness —— 


Mm. In. Mm. 
4 0.16 34 . 
10 0.39 40 
16 0.63 55 
16 0.63 71.50 
16 0.63 105 
16 0.63 195 
16 0.63 275 
16 0.63 375 


—Transverse Height— 


—Resisting Cross Section— 


In. Sq. Mm. Sq. In 
1.34 256 0.40 
1.57 700 1.08 
2.16 1,560 2.4 
2.81 2,030 3.2 
4.1 3,104 4.8 
5,984 9.3 
10.8 8,550 13.3 
14.8 11,774 18.2 
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Fig. 18—Variation of Longitudinal Shrink- 
age R (in Mm. per Meter) with Cross-Sec- 
tional Area S of the Plates Joined, for 12 
Different Values of Weld Cross Section 


the resisting section at which shrinkage 
becomes practically constant. 

2. It should be observed, too, that the 
longitudinal shrinkage may vary between 
wide limits, and that it is essential to 
evaluate the resisting section precisely in 
order to calculate the shrinkage a priori. 

The cross-shaped assemblies used to 
determine the curves in Fig. 18 were all 
500 mm. long (19.7 in.). Since in prac- 
tice the welded pieces often are much 
longer, the question arose whether the 
longitudinal shrinkage for greater lengths 
had the same value per meter as that indi- 
cated by our first curves. It might be 
that other factors might interfere due to 
the nonuniform distribution of shrinkage 
along the joint. 

To answer this question we made a 
series of measurements on a cross-shaped 
assembly 2 meters long (79 in.). The 
transverse dimensions of this assembly 
are shown in Fig. 18 (A). They corre- 
spond to a total resisting section of 4.3 
sq. in. (2800 mm.*). The layers of weld 
metal were deposited in stages, each stage 
being followed by a series of shrinkage 
measurements. 

1. Welding Procedure.—Covered elec- 
trodes were used 0.16 in. in diameter. A 
pass was deposited in angle I, followed by 
a pass in angle III. These passes were 
deposited in accordance with Fig. 11 (a) 
in three sections: 

First phase: Beads 1, 2 and 3 in angles 

Iand III. 

Second phase: Beads 4, 5 and 6 in angles 

Beads 7, 8 and 9 in angles 

ITand III. 


Third phase: 


After this first stage, shrinkage meas- 
urements were made. The second step 
was like the first but in angles II and IV. 
Again the shrinkage was measured. The 
other stages proceeded in the same way, 
but with slight variations in the succession 
of the two pairs of angles. As a matter 
of fact it is almost impossible to avoid 
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slight longitudinal deformations of the 
assembly because welding is not performed 
simultaneously in the opposite angles. 
For this reason instead of maintaining the 
following order for all weld passes: 


Angles I and III. 
Angles II and IV. 
Angles I and III. 
Angles II and IV, ete. 
we sometimes used the following order: 
Angles I and III. 
Angles II and IV. 
Angles II and IV. 
Angles I and III, etc. 


In this way we were able to prevent 
curvature of the axis of the assembly. 

2. Method of Measurement.—Refer to 
the upper left-hand corner of Figs. 18 (A) 
and 18 (B). 

We measured the shrinkage over the 
entire length of five different points: 1, 2, 
3, 4 and 5, on the ends of the plates form- 
ing the cross. We also measured the 
shrinkage between eight points along the 
four longitudinal edges of the two plates 


These eight points permitted seven meas. 
urements aleng each edge, the four sets 
of seven measurements being called Ré, 
R7, R8 and R9, see Fig. 18 (B). 

3. Determination of Progressive Se 
tions of Weld Metal.—Before starting the 
tests, we weighed the bare core wire of 
twenty electrodes. For each stage of 
welding we counted the number of ele 
trodes that were used, and weighed th 
stubs after stripping the coating fron 
them. The weight of deposited metal wa: 
the difference between the total weight of 
the electrodes used and the weight of th 
stubs. In this way the average cros 
section of weld metal deposited in eact 
stage was computed. 

4. Results of the Measurement 
Shrinkage over the entire length (RX 
Rz, Ry and Rs). 

The results of these measurements ar 
shown in Fig. 18 (A). For each of th 
points 1 to 5 we plotted the shrinkage as a 
function of the total cross section of th 
weld. The heavy line in Fig. 18 (A) is th 
average of the five sets of shrinkag 
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Fig. 18 (A)—vVariation of Longitudinal Shrinkage A (in Mm. per Meter) as a Function 
of the Cross-Sectional Area of the Weld 


Resisting cross section = 239) mm.?; A 


= average of diagrams 1, 2, 3, 4 and 5; B = 


sum of partial shrinkages R45, R7, R89 and RO measured on the edges of the cross (see F 
18 (B)); C = average of shrinkages | to 5. 
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Fig. 18 (B)—Variation of Longitudinal Shrinkage R (in Mm. per Meter) as a Function 


of the 


ross-Sectional Area of the Weld 


Resisting cross section = 2800 mm.?; Partial shrinkages measured along the fo" be 


r eade 


of the cross-shaped assembly; R = shrinkage; A = elongation; $ = cross 


weld. 
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This heavy line is essentially 
-traight. The dotted line in Fig. 18 (A) 
-hows the average of the partial shrinkage 
measurements R6 to R9 made on the four 
edges. The dotted line closely parallels 
the average of the five shrinkages R/ to 
R5 but is displaced downwards 0.4 mm. 
in.). All the shrinkages in Fig. 
18 (4) are per meter of length (mm. per 


0.016 


mete! 

») Partial shrinkage along the longi- 
tudinal edges (R6, R7, R8 and R9). 

These shrinkages are plotted in Fig. 
18 (B) as a function of the cross section 
of the weld. Each line represents the 
iverage of measurements made on the 
four edges. 


Comments 


|. The shrinkages shown on Fig. 18 
A) have been carried over to Fig. 18. 
[These values are represented by the 
vertical passing through the horizontal 
ixis of resisting cross section at a value 
of 2800 mm.? The difference between the 
measurements and the curves is shown by 
in arrow. This difference varies from 
zero to 0.2 mm. as the cross-sectional area 
of the weld decreases from large to small. 
[he agreement is satisfactory and the 
differences are of the same order of 
magnitude as the dispersion observed in 
separate tests. Consequently, the curves 
of Fig. 18 apply to long welds as well as 
toshort. 

2. The curves in Fig. 18 (B), showing 
the variation of partial longitudinal 
shrinkage along the longitudinal edges, 
we rather surprising. The shrinkage 
in the central quarter of the assembly is 
much less than that measured at the ends 
\p to a weld cross section of 350 mm.? 
0.54 sq. in.) the length actually increases 
over the central quarter. For larger 
weld cross sections, the length contracts, 
hut not more than 1 mm. (0.04 in.). On 
vither side of the central quarter the 
shrinkage is greater and is of the same 
order of magnitude as the shrinkage at 


the ends. That is, the three curves for 
X7, R8 and R9 are close together. The 
lifference between shrinkage R6 and 


shrinkages R7, R8 and R@Q is of the order 
of 3.5mm. (0.14 in.). 

Che unit shrinkages R7, R& and R9 are 
generally larger than the unit shrinkage 
measured over the entire length to com- 
pensate for the abnormally small shrink 
ge of the central quarter. Probably this 
behavior will be reproduced in any as 
vembly whatever its length. It will have 
‘o be determined whether it is always the 
‘eitral quarter which constitutes what 
nay be called the “dead zone.”’ Prob- 
oly the central quarter is a good approxi- 
ation. A more detailed and scientific 
“ries of tests will be required to show 
‘he exact nature of the unit shrinkage 
long the length of an assembly. 


PART III. APPLICATIONS 


To familiarize the engineer with the 
‘irinkage curves given in this paper, we 
‘seuss a half-dozen particularly inter- 
“Ung practical applications, namely loco- 
mative Parts. Several of these pieces fit 
“ween the side frames which are 930 mm. 


1947 


(36 inches) apart. After being welded, 
therefore, the dimensions of these parts 
must be such that they fit closely between 
the frames. 


First Example—Cross Brace in Front of the 
Firebox, Fig. 19 


We wish to calculate the welding shrink 
age between the abuttment plates 5. 
Initially these plates are 22 mm. thick 
(0.87 in.). After machining the thickness 
should be 20 mm. (0.79 in.), but under no 
circumstance less than 18 mm. (0.71 in.). 
This latitude in thickness is useful because 
the abuttment plates curve toward the 
center due to the angular distortion 
caused by the welds joining the abuttment 
plates to the web. The following shrink- 
ages must be considered: (1) the longi- 
tudinal shrinkage due to the welds joining 
plates 6 and 28 to web 27, (2) the longi 
tudinal shrinkage due to the welds joining 
the two guide blocks 2 to the upper plate 
6, (3) the transverse shrinkage due to the 
welds joining the two abuttment plates 
5 to the web 27 and to plates 6 and 28. 

1. Longitudinal Shrinkage of the Welded 
Plates.—Total transverse cross section of 
weld metal: 


4 fillet welds 8 mm. size, or 4 X 68 
272 mm 


il 


Transverse resisting cross section : 

Section of two plates 2 K 18 K 140 = 
5030 mm.? 

70) 14 = 
658 
5688 mm.? 

Figure 18 shows a shrinkage of 1.4 mm 
per meter which for a length of 0.93 meter 

1.4 X 0.93 = 1.3 mm. 

2. Longitudinal Shrinkage of the Welds 
of the Two Guide Blocks.—Cross section of 
weld metal (2 fillets, each 8 mm.): 2 X 
68 = 136 mm.?. 

Resisting cross section : 


Section of cut-out web (117 


Total section = 


(a) Guide block: 120 & 100 = 12,000 
mm.? 
Upper plate: 
mm.? 


18 X 140 = 2515 
Sa = 14,515mm.* 
L = 0.12m. 


(b) Guide block: 25 100 =2500 mm.* 


Upper plate: 18 X 140 = 2515 
Sb = 5015mm.? 


L = 0.20m. 
whence Ra = 0.7 X 0.12 = 0.084 
Rb = 0.85 X 0.20 = 0.170 
and Ra + Rb = 0.254mm. 


3. Transverse Shrinkage of the Abutt 
ment Plates.—Cross section of weld metal 
8 mm. fillet weld = 68 mm.? 

Curve 4 of Fig. 16 shows a shrinkage 
of 1.5mm. 

Total Shrinkage = 
1.50 = 3.054 mm. 

Measurements in the shop showed an 
average shrinkage of 3.240 mm. for eight 
assemblies. 

The weld dimensions upon which the 
above calculations are based are the di- 
mensions shown on the blueprint. Actu- 
ally the welds may be larger or smaller 
than this, which introduces some uncer- 
tainty into the calculations. For example, 
if the welds were 9 mm. instead of 8 mm., 


1.30 + 0.254 + 
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Fig. 20—Cross Brace Behind the Firebox of a Locomotive 
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Fig. 21 


—Cross Brace in Front of the Firebox of a Locomotive 


Fig. 19- 


Cross Brace of a Locomotive Frame to the Right of 


the Brake Shaft (Dimensions in Millimeters) 


(Dimensions in Millimeters) 


Frame (Dimensions in Millimeters) 
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the total shrinkage would be 3.690 mm. 
instead of 3.054 mm. 


Second Example—Cross Brace Behind the 
Firebox, Fig. 20 


We shall calculate the shrinkage of the 
upper part only of the cross brace. In 
fact the distortion of the lower parts of the 
abuttment plates is such as to force the 
ends A together. This distortion arises 
from the U shape of the web plate. The 
longitudinal shrinkage of the lower flange 
of the web causes still further inward con- 
traction of points A. 

1. Longitudinal Shrinkage of the Plate 
Welds.—Cross section of weld metal = 
4 X 68 = 272 mm.? 

The minimum resisting section is made 
up of two parts: 


(a) Cross section of two 
flanges: 2 XK 18 
X 120 
(6) Minimum cross sec- 
tion of the cut 
web: (200 — 
90)12 
Total resisting cross 


= 4320 mm.? 


= 1320 mm.? 


section = 5640 mm.? 
From Fig. 18 we have R = 1.3 X 1.054 
= 1.37 mm. 
2. Longitudinal Shrinkage of the Two 
Guide Blocks.—Cross section of weld metal: 
2 X 68 = 136mm.? 


Resisting section of = 4440 mm.? 
guide block (average 
thickness = 37 mm.): 
37 X 120 

Resisting section of 
upper flange: 18 X 
120 = 
Total resisting cross 


section 


2160 mm.? 


= 6600 mm.? 


The shrinkage is 0.78 X 0.616 = 0.48 
mm. 

3. Transverse Shrinkage of Abuttment 
Plates —Cross section of weld metal (8 
mm. fillet welds) = 68 mm.? 

Curve 4 of Fig. 16 gives: R = 1.5 mm. 


Total shrinkage: 1.37 + 0.48 + 1.5 = 
3.35 mm. 

Average shrinkage measured in the 
shop = 3.10 mm. 


Third Example—Cross Brace to the Right 
of the Brake Shaft, Fig. 21 


1. Longitudinal Shrinkage of the Flange 
Welds.—Cross section of weld metal (4 fil- 
lets, each6mm.): 4 X 38.6 = 152.8mm.? 


Resisting cross section 
of flanges (180 + 
125) X 15 

Average resisting cross 
section of web 180 X 
15 = 2700 mm.? 
Total resisting cross 

section 


= 4580 mm.” 


= 7280 mm.? 


Fig. 18 gives R = 0.85 X 0.93 = 0.7 
mm. 

2. Transverse Shrinkage of the Abutt- 
ment Plates—Cross section of weld 
metal = 38.2 mm.? 

Curve 4 of Fig. 16 gives R = 0.9 mm. 

3. Transverse Shrinkage Due to the 
Two Stiffeners—Cross section of weld 
metal = 38.2 mm.? 

Curve 2 of Fig. 16 gives R = 0.82 mm. 

Total shrinkage = 0.79 + 0.9 + 0.82 = 
2.51 mm. 

The average shop shrinkage was 3.15 
mm. Had the welds been 7 mm. instead 
of 6 mm., the calculated shrinkage would 
have been 3.19 mm. 


Fourth Example— Floor Frames 


Double V butt welds are located at 
45° with respect to the longitudinal axis 
of the frame. The calculated shrinkage 
must be multiplied by cosine 45°. 


Cross section of weld metal = 


ton 4 = 
2 2 
where J = thickness = 14mm.andA = 
45° 
Figure 12 gives R = 1.5mm. 
Total shrinkage = 2 X 1.5 X 0.7 = 


2.10 mm., which is close to the shrinkage 
measured in the shop: 2.3 mm. Since 
the root spacing of the butt welds is not 
exactly zero and the weld section there 
fore is greater, for d = 1, the total shrink 
age would be 2.38 mm. 


Fifth Example—Section to the Right of the 
Cylinders, Fig. 22 


The only shrinkage of interest is that 
which reduces the distance between the 
two sides, land 2. The welds contributing 
to this shrinkage are of three types: 

(a) The K welds which join the braces 
5,6 and 7 tothe sides. This is a question 
of transverse shrinkage. 

(b) The K welds which join the braces 
5, 6, 7, 8, 9 and 10 to the intermediat, 
plates 3 and 4. This is a question of longi 
tudinal shrinkage. 

(c) The fillet welds of all the stiffeners 
This is a question of transverse shrinkage 
for the fillets joining the sides 1 and 2, 
and of longitudinal shrinkage for the fillet: 
joining the stiffeners to the piates 3, 4, 5, 6 
and 7. 

1. Transverse Shrinkage of the K Weld 
to the Sides 1 and 2.—Considering the 
transverse cross section of junction of on: 
of the plates 5, 6 or 7 with the sides 1 and 
2 (see insert in Fig. 22), we see that the two 
K welds are equivalent to 2 double V butt 
welds in one plate 18 mm. thick. The 
cross-sectional area of weld metal in each 
of these joints is, for 60° angle: 


2 
0.574 X * = 93 mm.? 


Figure 12 gives R = 1.2 mm. for on 
joint. Fortwo: R = 2.4 mm 

2. Longitudinal Shrinkage of the K 
Welds to the Intermediate plates.—Con 
sider the transverse cross section of the 
welds at the junction of plates 6, 10 and 4 
The cross section of weld metal is 4 » 
0.574 X 12% = 330 mm.?. 

Minimum resisting cross section = 
650 X 18 = 12,300 mm.?. 

We have limited this minimum cross 
section to the edges of the cut outs ‘se 


Fig. 22—Part of the Frame to the Right of the Cylinders (Dimensions in Millimeters) 
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Fig. 23—Draft Gear of a Locomotive (Dimensions in Millimeters) 


Fig. 22 Figure 18 gives R = 1.4 XK 0.93 
= 1.3mm. 

3. Shrinkage Due to the Stiffeners.— 

(a) Transverse shrinkage in the plane of 
the stiffeners. Cross section of weld 
metal = 68 mm.? (8 mm. fillets). From 
Curve 4 of Fig. 16 we obtain R = 1.5mm. 

b) Transverse shrinkage perpendicular 
to the plane of the stiffeners. It is a ques- 
tion of shrinkage produced in plate 3 by 
the two stiffeners 17 and 18. Cross sec- 
tion of weld metal = 68 mm.? (8 mm. fil- 
lets). Since there are two stiffeners, 
Curve 2 of Fig. 16 gives R = 1.1 mm. 

(c) Longitudinal shrinkage. 

Cross section of two 8-mm. fillets = 
136 mm.? 

Total cross section of the intermediate 
plates is 5160 X 18 for 19 stiffeners or 
270 X 18 for each stiffener. The average 
cross-sectional area of each stiffener is 75 
x 18. Therefore the average resisting 
cross section is (270 + 75) 18 = 6200 
mm.* 

For L = 0.32 mm. Fig. 18 gives R = 
0.32 X 0.78 = 0.25 mm. 

The total shrinkage is 2.4 + 1.3+ 15+ 
1.1 + 0.25 = 6.55 mm. 

The average shrinkage measured in the 
shop was 5.1 mm. The shrinkage was 
measured at 14 different points on each 
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piece. The minimum value was 2 mm.; 
the maximum was 6.5 mm. The maxi- 
mum value is in good agreement with our 
calculations. 


Sixth Example—Draft Gear, Fig. 23 


The location of the central mechanical 
part must be exact with respect to the 
planes of the ends A and B. Conse- 
quently, we must calculate the shortening 
of parts AO and OB. The following 
shrinkages are involved. 

1. Longitudinal Shrinkage Due to the 
Welds Joining Plates 2 and 3 with Plates 
4 and 5.—Total cross section of | weld 
metal (6-mm. fillets) = 8 XK 38.2 = 
305.6 mm.? 

Total resisting cross section (neglecting 
the cut out area) = (4 X 70) + (4 X 60) 
= 5200 

According to Fig. 16 the unit shrinkage 
is 1.6 mm., whence 


Rao = 1X16=1.6mm. 
Rog = 1.276 X 1.6 = 2.04 mm. 


2. Shrinkage Due to the Abuttment 
Plate 6.—Cross section of weld No. 28 
(see upper right-hand part of Fig. 23) = 
68mm.? Curve 4 of Fig. 16 gives Ry = 
1.5mm. 

3. Shrinkage Due to the Butt Welds 


SHRINKAGE AND DISTORTION OF WELDED JOINTS 


Joining Plates 2, 3,4 and 5 with Bar A. 
Cross section of weld: 10? tan 35° = 
70 mm.? 

We assume that the thickness of the 
joint is the same as the bar, namely 25 
mm., in order to take account of the re 
straint offered by the bar, Fig. 12 gives 
= 0.55 mm. 

4. Shrinkage Due to the Welds at the 
Central Mechanical Part——The weld 
causes a shrinkage similar to the trans 
verse shrinkage of a perpendicular plate 
fillet welded to a through plate. The cross 
section of the weld is 38.2 mm.? Curve 
4 of Fig. 16 gives R = 0.9mm. Weld d 
causes a shrinkage similar to the trans 
verse shrinkage of a stiffener perpendicu 
lar to the plane of this plate. The weld 
section again is 38.2 mm.? and curve | 
of Fig. 16 gives R = 0.4 mm. These 
last two shrinkages are shared equally by 
parts OA and OB, that is 0.65 mm. for 
each. 

The total shrinkages are: 


Rao =2.044+1.54+ 0.65 = 4.19mm 

Rog = 1.6 + 0.55 + 0.65 = 2.80 
mm. 


The shrinkages measured in the shop 


Rago = 4mm. 
Rog = 2.5mm. 
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An Attempt to Select a Suitable 
Specimen for the Study of Corrosion 


Cracking in 18-8 Steel 


By M. H. Springer, E. V. Succop,?, D. S. McKinney! and M. A. Scheil ! 


HE work described in this paper was done at the 

Carnegie Institute of Technology in the period 

from June 1944 to September 1946 under the 
sponsorship of the Stress Corrosion Subcommittee, High 
Alloy Steels Committee, Welding Research -Council. 
The results of previous work of the subcommittee were 
reported in a paper’ published in the Welding Supplement, 
October 1943. 

The entire program of testing was outlined by the 
subcommittee.** The work was directed at Carnegie 
Institute of Technology successively by J. C. Warner, 
Professor and Head of the Department of Chemistry; 
H. Seltz, Professor of Chemistry; and D. S. McKinney. 
In order to limit to some extent the number of variables 
affecting the tests, all specimens were prepared from a 
single type of steel (nearly all from a single heat) and 
exposed to a single environment. Type 347 stainless 
steel was chosen on its ability to resist sensitizing heat 
treatments as regards intergranular corrosion. Concen- 
trated magnesium chloride solution (approximately 
42%), boiling at 309° F., was chosen as the stress cor- 
rosion medium on the basis of tests run at A. O. Smith 
Corp. These tests had shown that magesium chloride 
does not cause general corrosion or pitting of most of the 
stainless alloys. Contamination of the solution over a 
period of 300 hr. did not accelerate corrosion. In the 
work to be described, fresh solution was prepared for each 
specimen, but was not changed during the test. When 
possible, the ratio of solution volume to specimen area 
was maintained at 100 ml. per square inch of specimen 
surface. 

A variety of permanently deformed specimens with 
various stress-relieving heat treatments, described in the 
body of the report, were tested in order to determine the 
effect of locked-up stresses and the effectiveness of the 
heat treatment in eliminating their effect on stress-cor- 
rosion cracking. Most of these tests were discontinued 
at the end of 300 hr., if fracture did not occur. A series 
of beam specimens, with various elastic stresses below 


* Presented at Twenty-Seventh Annual Meeting, A.W.S., Atlantic City, 
N. J., week of Nov. 17, 1946. 

t+ Research Assistant, Carnegie Institute of Technology, 1944-45, High 
Alloys Committee, Welding Research Council. 

t Research Assistant, Carnegie Institute of Technology, 1945-46, High 
Alloys Committee, Welding Research Council. 

§ Associate Professor of Chemistry, Carnegie Institute of Technology. 

|| Director of Metallurgical Research, A. O. Smith Corp. 

« “First Report on Stress Corrosion Cracking of Stainless Steel in Chloride 
Solutions (with addendum),”’ by M. A. Scheil, O. Zmeskal, J. Waber and 
F. H. Stockhausen. Supplement, JouRNAL OF THE AMERICAN WELDING So- 
crety, VIII, pp. 493 and 504, October 1943. 

** Membership of Subcommittee: M. A. Scheil, A. O. Smith Corp., Chair- 
man; F. L. LaQue, International Nickel Co., Inc.; R. Franks, Electro Metal- 
lurgical Co.; C. Zapffe, Consultant; L. Johnson, Struthers Wells Co.; R. B. 
Gunia, Carnegie-Illinois Steel Corp.; H. K. Ihrig, Globe Steel Tubes Co.; 
R. A. Huseby, A. O. Smith Corp.; 5S. L. Hoyt, Battelle Memorial Institute; 

N. Krivobok, International Nickel Co., Inc. 


the yield point, were examined. Some of these were 
tested upward of 2000 hr. in order to determine as closely 
as possible the threshold stress for corrosion cracking. - 

Test work at A. O. Smith Corp. had shown that 
polished surfaces and cold-worked areas, such as stamped 
numbers, sheared edges and drilled holes, were extremely 
susceptible to stress-corrosion cracking in this medium. 
Consequently, wherever possible, all specimens were pre 
pared with pickled surfaces. Numbers were etched on 
with electric pencil. All sheared edges were removed 
by machining and were annealed prior to heat treatment. 
Drilling, in all cases, was done before heat treatment. 
Even with these precautions, a great many cracks started 
at drilled holes and etched numbers. The specimens 
designed by the subcommittee were many and varied and 
their preparation was possible only through the generous 
cooperation of all the membership. 


Materials Used in Tests 


Materials in the form of sheet and plate were furnished 
to Type 347 analysis by the Carnegie-Illinois Steel Corp 
A. O. Smith Corp. sheared most of the materials to speci 
men size and furnished detailed sketches for preparation 
of all specimens. Seamless stainless-steel tubing to Type 
347 analysis representing different degrees of cold draw 
ing were furnished by Globe Steel Tubes Co. of Mil 
waukee. Chemical analysis of the sheet material was 
performed by four independent laboratories. Very com 
plete tensile data were obtained by Mr. Franks at the 
Union Carbide and Carbon Research Laboratories. All 
magnesium chloride used for this program was donated 
and carefully analyzed by the Dow Chemical Co. Al! 
of this material was from a single plant batch. The 
results of these analyses and tests are shown in Table | 


Apparatus 


Tests were conducted in 2-liter wide-mouth [yrex 
Erlenmeyer flasks heated by Bunsen burners. Tlie con- 
densers were made from 150-ml. round-bottom Pyrex 
flasks. A side arm outlet tube was sealed to the neck ©! 
the flask and another tube to the bottom. Pyrex rod was 
sealed to the latter tube and was shaped variously 
support the specimens out of contact with the side 0! the 
Erlenmeyer flask. This assured that the specimeris wert 
maintained at the temperature of the boiling solution. 
This type of condenser has the advantage over tlic con 
ventional one that the condensed water is returne| cot 


§39-s 


te 
i. 
3 He 
| 0) 
f 
| 
AV 
Che 
Zn 
wat 
droy 
| ky i 
shez 
alr 
\ 
hr 
ture 
137, 
crac 
1947 


Table 1—Materials for Stress Corrosion Study 


Heat No. 3X7642 from Carnegie-Illinois Steel Corp.: 
\) 062-in. gage sheet, annealed, pickled, 2D finish 
().092-in. gage sheet, annealed, pickled, 2D finish 
() 250-in. plate, annealed and pickled 
() 730-in. plate, annealed and pickled 


Chemical Analysis: 


C,% Mn,% Si, % S, % Cr, % Ni, % Cbh,% Mo, % Ti, 
Carnegie Mill Report 0.08 1.32 0.30 0.017 0.011 17.73 11.14 0.90 
Union Carbide and Carbon* 0.08 1.66 0.32 0.032 0.018 17.80 11.16 1.00 
A. O. Smith* 0.09 1.31 0.34 0.020 0.015 17.83 10.95 1.05 0.038 rr 
Rustless Iron and Steel 0.080 1.25 0.33 0.007 0 006 17.83 10.90 1.05 


Heat from Globe Steel Tubes Co.: 
\'/, in. O.D. x 0.065-in. wall tube 


Chemical Analysis: 


Mn, Si, % P, S, % 
0 O88 1.73 0.45 0.021 0.011 18 


No. l1—-1!/2 in. O.D. x 0.065 in. annealed 

No. 2—1.379 x 0.059 in. reduced from 1'/>: x 0.065 annealed 

No. 3—1.380 x 0.052 in. reduced from 1'/. x 0.065 annealed 
] 


Ni, % Ch, % 
48 12.60 0.86 
T.S., Psi. Reduction, © 
108,600 16.5 
121,700 26.5 
133,500 37.0 


No. 4 379 x 0.044 in. reduced from 1'/s x 0.065 annealed 


Stress-Strain Tests: 
Thickness, — 
Heat Treatment In. 0.01% 


As-recetved 0.066 29,400 
1950° F., 10 min., A.C.f 0.066 22,300 
1600° F., 1 hr., A.C. 0.066 24,600 
(376° F., 1 0.066 30,600 
1150° F., 1 hr., A.C. 0.066 32,400 
1000° F., 1 hr., A.C. 0.066 30,500 
As-received 0.095 29,200 
1950° F., 10 min., A.C 0.095 21,000 
1600° F., 1 hr., A.C. 0.095 29,400 
1375° F., 1 hr., F.C. 0.095 36,200 
1150° F., 1 hr., A.C. 0.095 35,000 
1000° F., 1 hr., A.C. 0.095 37,200 


MgClL-6 H.O from Dow Chemical Co.: 


Chemical Analysis: 


Vield Strength 


0.1% 0.2% T.S El., 2 In 
39,400 42,000 89,500 55 
29,200 32,700 86,000 55 
31,800 33,800 86,500 58 
38,000 40,200 89,800 59 
38,700 40,500 89.800 54 
38,900 41,500 88,700 52 
48,200 50,800 90,400 58 
35,000 37,900 86,700 52 
40,600 43,000 89,400 52 
47,100 49,100 90,400 52 
48,200 49,600 89,300 §2 
48,300 49,800 88,800 51 


Sample A—to Mr. Scheil 0.031 49.2 0.36 0.32 
Sample B—to C.I.T. 0.031 49.4 0.38 0.33 
Sample C—Reserve 0.027 49.5 0.37 0.37 
Note: Spectroscopic analysis showed Samples A, B and C to be the same The following elements, in addition to those given above 


were found: Sr = 0.005-0.05%, Cu = 0.001—0.005%, Fe = 0.001-0.01%, Si = 0.001-0.01% Al, Ba, Cr, Li, K, Mn, Ni, Pb, Sn and 


Zn were not detectable. 


Millings from in. plate. 
‘AC. = air cooled; F.C. = furnace cooled. 


tnuously, thus avoiding explosive boiling and loss of 
water that would occur if the condensate is returned 
(dropwise. The assembly is shown in Fig. 1. 


Discussion of Specimens and Test Results 


Lricksen Cup 


Specimens were made from 0.062-in. gage material 
sheared to 5 x 5in. and annealed at 1950° F. for 10 min., 
‘ir cooled. The cup was formed using a 7/s-in. ball and 
“sin. die. After forming, the specimens were sheared 
‘02 x 2!/>-in. in order that they could be placed in the 
lest flasks. This cold-worked edge was not removed. 
Uhree series were prepared: No. I cupped to full frac- 
ture, No. II to 80% fracture and No. III to 50% fracture. 
The results are shown in Table 2. They indicate that 
1375° F., 2 hr., furnace cooled was the minimum treat- 
ent necessary to remove strain. One sample heat 
treated 1600° F., 2 hr., air cooled, was found to be 
‘racked at the end of the test. | 


The general appearance of the Ericksen Cup speci- 
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CORROSION CRACKING 18-8 STEEL 531 - 


mens, and also of the Bend, Tube and Header, and Beam 
specimens is shown in Fig. 2. Typical photographs ot 
cracked Ericksen Cup specimens are shown in Fig. 3 (A 

(B) and (C). 


Circular Weld Specimens 


Two series of specimens were prepared, the 1404 series 
representing a more drastic cooling from welding than the 
1405 series. In the 1404 series, the test plates were 
mounted in a solid-backed copper jig and quenched in 
water immediately after completing the weld. The 1405 
series was welded in an open-backed copper jig having 
less heat capacity and the specimens were air cooled to 
room temperature. There appears to be no significant 
difference between the two welding techniques in so far 
as these tests are concerned. The tests show that the 
1600° F. heat treatment relieves stress better than the 
1375° F. treatment. The cracking apparently started 
from the stock face opposite the weld and terminated in 
the weld. All cracking examined was transgranular. 
Figure 4 shows the appearance of the three cracked speci 
mens and Fig. 5 (A) and (B) typical micrographs of the 
cracks. Results of the tests are shown in Table 3. 
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Fig. 1—Testing Assembly 


Showing Bend, Tube to Header, Ericksen Cup and Beam Specimens Used for 


A—Condenser, made from This Investigation 


150-ml. round-bottom Pyrex 
flask; B—2000-ml. wide-mouth 


Erlenmeyer flask; C—Pyrex “Some Observations of Stress Corrosion Cracking in 
= specimen ee Austenitic Stainless Steel Alloys,’’ by M. A. Scheil in the 
burner with flame A.S.T.M.-A.I.M.E. symposium on _ Stress-Corrosion 
: Cracking, November and December 1944. On the first 
series of these specimens, failure occurred in most cases 

: in the studs of the base before any failure occurred in the 

Beam Type Specimens beam. In some instances, the locking nut split, probably 
The beam type specimen was designed to study the causing a change in the stress on the specimen. The 
effect of stress below the yield point in stress-corrosion bases and studs of this set had been heat treated at 1600° 
cracking. It is described in a recent paper, entitled F., a treatment which is not satisfactory for removing 


Table 2—Ericksen Cup Table 3—Circular Weld Specimens 


Average Wt. 1404 Series—most drastic cooling from welding 
Time to Loss, 1405 Series—less drastic cooling from welding 
Re- Crack in Boil- Mg./100 Stock—Type 347. Weld—Type 304 
quired ing MgCl, Hr. 
I. Full Fracture: 
(a) As-fractured 
(b) 1900-1950° F., 10 
min., A.C. 
(c) 1600° F., 2 hr., 
(d) 1600° F., 2 hr., 
(e) 1375° F., 2 hr., 
(f) 1150° F., 2 hr. 
(g) 1000° F., 2 hr. 


64 hr. 127 Test 


O.K. 300+ No. Treatment After Welding Remarks 
O.K. 300+ : 1404-1 As-welded Cracked 71 hr. 
O.K. 300+ ‘ 1405-1 As-welded Cracked in 
O.K. 300+ stock 95 hr. 
122 hr. 1404-2 As-welded O. K. 300 hr. 
23 hr. 1405-2 As-welded . 300 hr. 
1404-3 As-welded, 1900° F. 300 hr. 
1405-3 As-welded, 1900° F. 300 hr. 
80% Fractured: 1404-4 As-welded, 1900° F. 300 hr. 
(a) yo deformed 42 hr. ‘ 1405-4 As-welded, 1900° F. 300 hr. 
(b) 1900-1950° F., 10 1404-5 As-welded, 1600° F. 300 hr. 
min., A.C. O.K. 300+ 1405-5 As-welded, 1600° F. 300 hr. 
(c) 1600° F., 2 hr., A.C. 1 cracked, 1404-6 As-welded, 1600° F. 300 hr. 
others O.K. 1405-6 As-welded, 1600° F. 300 hr. 
300+ 1404-7 As-welded, 1600° F. 300 hr. 
(d) 1600° F., 2 ; O.K. 300+ 1405-7 As-welded, 1600° F. 300 hr. 
(e) 1875° F., 2 : O.K. 300+ ( 1404-8 As-welded, 1600° F. 300 hr. 
(f) 1150° F., 2 Fed 165 hr. 3 1405-8 As-welded, 1600° F. 300 hr. 
(g) 1000° F., 2 é 72 hr. 1404-9 As-welded, 1375° F. 300 hr. 
1405-9 As-welded, 1 375° F. . 300 hr. 
1404-10 As-welded, 1375° F. 300 hr. 
50% Fractured: 1405-10 As-welded, F. racked across 
(a) As-deformed 3 stock 283 hr. 
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Specimen 
Heat Treatment No. Stress,* Psi. 

1600° F., 2 hr., F.C.: 1-2 10,000 (b) 
‘ 344 20,000 (a) 
(b) 
(c) 

5-6 30,000 
7-8 40,000 (b) 

1950° F., 10 min., A.C. 11-12 10,000 


30,000 
40,000 


Table 4—Beam Specimens 


20,000 (a) 


strain caused by cold threading. A second set of speci- 
mens, duplicates of the first, was prepared, the bases 
being heat treated at 1950° F. Weight loss in these 
specimens is without significance due to the inclusion of 
MgCl, in the threads of the lock nuts. Results of the 
tests run at Carnegie Institute of Technology are shown 
in Table 4. 

Additional tests run at A. O. Smith Research Labo- 
ratory indicate on Specimens 1 and 2, 4200 hr. O.K.; 
Specimens 3 and 4, 500 and 620 hr. cracked; Specimens 
5and 6, 150 and 200 hr. cracked; and 7 and 8 both 35 hr. 
cragked. In addition, two more specimens similar to 5 
and 6 with heat treatment 1600° F., 2 hr., air cooled, 
stressed to 31,500 psi., both cracked in 41 hr. Combin- 
ing the C.I.T. with A. O. Smith data, the preliminary 
chart, Fig. 6, was constructed to show the effect of heat 
treatment on rolled 2D finish 0.092-in. thick Type 347 


Fig. 3 (A)—Ericksen Cup Test; 2 x 


specimen AS AE: stress—50% of full fracture; heat treatment—none; 


“/ Or. to crack; 188 hr. total exposure. 
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> 


—— Av. Time, Hr. 
Not Failure of Failure of 
Fractured Support Specimen 
1444 (a) 600 
1530 
2200 (4 run) 
(a) 1190 (b) 300 
(c) 40(4run) 
(a) 26(2run) 
(b) 6 (1 run) 


2400 (6) 700 (1 run) 


os (a) 1460 (6b) 119 (1 run) 
(b) 209 (1 run) (c) 95 (4run) 
pe (a) 320 (b) 34 


* Stress corresponds to strain determined on Baldwin-Southwark A-7 gage. 
(a) First series. 
(b) Second series. 
(c) Similar specimens from V. N. Krivobok, International Nickel Co. 
€ Norte: 4run and 1 run refer to number of beam specimens tested. 


stainless-steel sheet, heat treated, pickled and stressed 
40,000 psi. 
in heat treating at temperatures above 1900° F. 
is no explanation for this excepting that a coarsening heat 
treatment has an effect on the strains within the grain. 


Figure 7 shows a typical failure of a stressed beam speci- 
men. 


The chart indicates a greater safety factor 
There 


It has been observed in many cases that the beam type 


stress-corrosion specimen does not fail at the point of 
maximum stress. Figure 8, a photograph of several 
specimens, indicates that rupture may occur at a point 
equivalent to 80% of the maximum stress. 
sion of the beam specimen and support are shown in 
Fig. 9. The studs shown for stressing the beam speci- 
men were */\, in. in diameter. 


The dimen- 


A better size stud would 


Fig. 3 (B)—Ericksen Cup Test; 2 


Specimen A8 CB: stress—80% of full fracture; heat treatment— 
1600° F., 2hr.; air cool; 317 hr.—cracked. 
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Fig. 3 (C)—Ericksen Cup Test; 2 x 


Specimen AFB: stress—full fracture; heat treatment—1150° F., 
2 hr.; furnace cool; 83 hr. to crack; 307 hr. total exposure. 


be '/, in.—20 using Inconel for the studs and nuts when 
testing in the magnesium chloride accelerated test. 


Bend Specimens 


Bend specimens were prepared from 0.062-in. sheet 
1 in. wide and 4 in. long. Samples were annealed at 
1950° F. 10 min. air cooled, after shearing, pickled and 
formed by bending around a pin of approximately 5/; in. 
diameter. Three series, bent 30, 90 and 180° were pre- 
pared and tested with the results shown in Table 5. No 
cracks were counted unless they appeared across the face 
of the specimen. The time to fail did not vary signifi- 
cantly with the degree of bending, probably because all 
were bent on the same radius. Increased bending there- 
fore increases the area bent without changing the severity 
of the treatment. A typical bend specimen is shown in 
Fig. 2. 


Fig. 5 (A)—-Aqua Regia + CuCl, Etch; 100 x 
Specimen 1404-1; as-welded; showing cracking in weld deposit 


Cracked—71 Hr. Cracked—95 Hr. Cracked—283 Hr. 
Fig. 4—Circular Weld Test; 1 x 


Specimen 1404-1: no heat treatment; as-welded. Specimen 1405-1: no heat treatment; as-welded. 
men 1405-10: 1375° F.—2 hr.—furnace cool after welding. 
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Fig. 5 (B)—Aqua Regia + CuCl, Etch; 100 x 


Specimen 1401-1; as-welded; showing cracking beginning from 
stock face opposite the weld. 


These specimens showed the 1000 and 1150° stress- 
relieving treatment to be unsatisfactory, as was found 
with the Ericksen cup tests. It was felt that the bend 
test specimens were not so satisfactory as the Ericksen 
samples because of the greater difficulty in deciding when 
acrack had started. This was difficult in the case of the 


bend tests because of the edge effect and the roughness 
of the edges. 


Cold Drawn Tube 


Complete data on these tests are shown in Table 6 for 
two lots of tubing. These tests indicate that a hoop 
Stress exceeding 10,000 psi. is required to open a tube 
when the sample is 1 to 2in.in length. The discrepancy 
between hoop stress calculated by the Sachs formula and 
measured by the SR-4 strain meter (see Lot 2) should 
also be noted. 

In the tests run at C.I.T., no cracks were found in the 
heat-treated specimens of Lot 2. However, M. A. 
Scheil's paper before the A.S.T.M.-A.I.M.E. joint sym- 
Posium shows that 1600° F. is a better stress-relieving 
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temperature than 1375° F. Another interesting fact is 
that contaminated 42% MgCl,-6H,O boiling at 309° F. 
caused cracking in a shorter time than did the fresh solu- 


tion. 


TIME - 


100 200 300 400 800 600 0 800 900 1000 1100 1200 150 


Fig. 6—Type 347 As-Rolled, Heat Treated, Pickled, Strained 
40,000 Psi.; Tested in Boiling 42% MgCl, 309° F.; A—-O.K. 


after 900 Hr.; Stressed Beyond Yield Point; Failed After 390 


Hr. Additional 


Fig. 7—tLypical Failure of Stressed Beam Specimen; 1 X 


Bend 
30° 
30° 
30° 
30° 
90° 
90° 
90° 
90° 
90° 
99° 
90° 
90° 
99° 
90° 
90° 
90° 
90° 


Table 5—Bend Specimens 
Time 
to Show 
Cracking, 
Heat Treatment Hr. 
As-bent 73 
As-bent 170 
As-bent 98 
As-bent 124 
As-bent 97 
As-bent 149 
1950° F., 10 min., A.C. — 
1950° F., 10 min., A.C. — 
1600° F., 2 hr., A.C. - 
1600° F., 2hr., A.C 
1600° F., 2 hr., F.C. 
1600° F., 2 hr., F.C. 
1375° F., 2 r., F.C. 
1376° F., 2 hr., F.C. ~ 
1150° F., 2 hr., F.C. 19 
1150° F., 2 hr., F.C. 74 
1000° F., 2 hr., F.C. 44 
1000° F., 2 hr., F.C. 51 
As-bent 99 
As-bent 52 
As-bent 123 
As-bent 73 


Dash indicates no cracks in 300 hr. 
=air cool 
.=furnace cool 
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Tube and Header Assembly 


assembly is shown i in Fig. 2, the dimensions of the speci- 


Five specimens were prepared by heat treating the tube ™€" 4T€ given in Fig. 10. 


as shown in Table 7 and then rolling into a circular B ‘ 
header */, in. thick, with one groove '/sin. wide by '/gin. 7@”” Specimens—Peened 

deep. Three tubes were overrolled so that, on two of A number of peened beam specimens, furnished by 
them, the increase in outside diameter extended beyond International Nickel Co., have been tested. The results 
the header sheet. Although the number of tests were of these tests, shown in Table 8, indicate that peening 
small, it appears that overrolling decreases the suscepti- before stressing is beneficial. This is evidently due to 
bility to cracking. Since Sample 3J shows most promi- the fact that peening puts the surface into compression, 
nent cracking and cracked in the shortest time, it might and a greater external stress is then required to bring the 
also be concluded that the 1600° F. treatment is inferior surface into tension. It appears that stress-corrosion 
to the 1950° treatment. A typical tube and header cracking cannot start at a surface unless it is in tension, 


Table 6—Tube Specimens 
Lor 1 


Tube No. 2 
Heat Treatment Annealed and cold drawn from 1.505 x 0.065 in. to size 
Size 1.371 x 0.059 in. 
Stress, Hoop, Calc. by Sachs Formula 29,100 psi. 
Tensile Strength _ Not determined, R,—95 
Chemical Analysis, % C, 0.070; Mn, 1.36; Si, 0.67; Cr, 17.94; Ni, 12.50; Cb, 0.81 
Stress Corrosion Tests, 42% MgCh, Boiling at 309° F., 100 Ce. Solution ad Sq. In.: 
— ‘At A. O. Smith Corp. ————At Carnegie Institute of Technology — 
No. Cracking Time, Hr. Solution of MgCl, No. Cracking Time, Hr. Wt. Loss, Gr 
1 Split 72-96 Fresh 42% 1 Split 71-93 0.003 
2 Split 72-96 Fresh 42% 2 Split 74-89 0.002 
3 Split 72-96 Fresh 42% 3 Split 57-72 0.003 
4 Split 72-96 Fresh 42% 
5 Split 72-96 Fresh 42% 
Contaminated with 18-8 4 Split 64-65 0.004 
Contaminated with 18-8 5* Split 47-59 es 
Contaminated with 18-8 6 Split 54-56 0.008 
6 Split 48-72 10-20 mg. per 100 cc. 
7 Split 48-72 10-20 mg. per 100 cc. 
8 Split 48-72 10-20 mg. per 100 cc. 
9 Split 48-72 10-20 mg. per 100 cc. 


* Cracked full length as well as split. Cracks appear more numerous in Specimens 4, 5 and 6. 
Note: Area of tube surface specimen = 76 sq. cm. 


Lot 2 


Tube No. 1 2 3 4 


Heat Treatment, As-Received Annealed Annealed and Cold-drawn to size 
Size 1.500 x 0.065 in. 1.379 x 0.059 in. 1.380 x 0.052 in. 1.379 x 0.044 in 
Stress, Hoop by SR-4 Strain Meter 5800 psi. 9,280 psi. 9,425 psi. 580 psi. 
Stress, Hoop, Calc. by Sachs Formula 5120 psi. 12,050 psi. 13,600 psi. 5000 psi. 
Tensile Strength, Longitudinal = # \........... 108,600 psi. 121,700 psi. 133,500 psi. 
16.5% red. 26.5% red. 37% red. 


Stress Corrosion Tests: 


- Tube No. 1 ~ Tube No. 2———_———_ 
Wt. Loss, Wt. Loss, 
Time, Hr. Gr./500 Hr. Time, Hr. Gr./500 Hr. 
A. O. Smith Heat Treatment: 
As-received, grd. finish 890 Fine cracks do 
not penetrate 0.033 416 Cracked 0.036 
534 Split eee 
1950° F., 10 min., A.C.f 506 No cracks 0.013 506 No cracks 0.014 
1600° F., 2 hr., F.C.t 506 No cracks 0.009 506 No cracks 0.023 
1375° pe 2 hr., F.C. tf 506 No cracks a 506 No cracks 0.023 
No. 3 ——Tube No. 4— 
As-received, grd. finish t 984 Split 0.025 240 Split 0.042 
1950° F., 10 min., A.C.t¢ 506 No cracks 0.014 506 No cracks 0.021 
1600° F., 2 hr., F.C. 506 No cracks 0.030 506 No cracks 0.012 
1375° F., 2 hr., F.C. 506 No cracks 0.036 506 No cracks 0.038 
Chemical Analysis: 
Mn,% P.% S, % Cr,% Ni,% Cb,% Mo 
Globe Steel Tubes 0.088 1.73 0.56 0.021 0.011 18.48 12.60 0.86 . 
A. O. Smith Corp. 0.07 1.77 0.52 = wie 18.56 13.06 1.07 Nil 
Union Carbide and Carbon Corp. 0.09 1.63 0.48 oe +e 18.51 12.42 1.01 


Note A: Small cracks appear around electric needled numbers as follows: Tube 1 = 96 hr., Tube 2 = 416 hr., Tube 5 = 48 hr., 
Tube 4 = 24 hr. 
t Pickled and passivated at A. O. Smith Corp. 
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Fig. 8 Beam-Type Stress-Corrosion Specimens As-Ruptured 


r In considering the data of Table 8, it should be noted 
5 +s that the stress indicated on the peened specimens is not 
Brittani be the true surface stress, which is unknown. In fact the 
£ Holes 10-24 Drill £ Holes surface may actually be in compression even at the 
Thrd 4 Ova 30,000 psi. indicated stress. The surface stress (tension) 
iti is probably less in the samples peened after stressing than 
Shaped f, | Pot &"Seuds 10-24 those peened before stressing. For this reason, a series 
ed OnEnds of samples were not tested which had been stressed to 
Welded in Base 20,000 psi. and then peened. 
~| QO KQ) Q | Remarks on Corrosion Cracking 
hi el Consideration of the data presented indicates that cor- 
rosion cracking of austenitic stainless steels requires a 
ae “ae rather critical combination of heat treatment, applied 
44 stress and corroding environment. In practice, there- 


fore, one would expect this type of failure to be rather un- 
common. However, since stainless steels are very likely 
to be subjected to unusual conditions, it is very important 


Fig. 9-Beam-Type Specimen 


Table 7—Tube and Header Assembly 


Increase 
in Tube 


O.D. 
Beyond Time to 
Heat Treatment Sample Header, Crack, ---------- 4 
Before Rolling No. Rolled In. Hr. 
) ia 
1600° F., 2 hr., F.C. 3] 90 300 
1600° F., 2 hr., F.C. 4] 100 0.013 1206 Here 
1950° F., A.C. 5J 100 cae 476 A | \ SectionAA 
Observation of Cracks ( 10) YU), 
————I.D. Surfaces—————. O.D. Surfaces 
Up to End Beyond End Beyond End 
of Rolling of Rolling of Rolling 
1J 1 5 1 SE 
1 None 1 
3] None 5 (large) 5 Deptht, 
4] None 3 (small) 2 (small) WHT), (0.008) 
_ 9 4 1 1 (nest of 5) Li, 
Note: 3J shows most prominent cracking. No cracks ap- "% 


Peaied on the tube ends. 


HEADER 
Fig. 10--Tube and Header Specimen 
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Table 8—Beam Specimens-—Peened 


Heat to 1600° F., Hold 2 Hr., Air Cool 


Stress, Av. Time, 
Psi. Surface Hr. 


20,000 Unpeened 2180 
Peened before 

stressing 2055 
Unpeened 40 
Peened before 

stressing 
Peened after 

stressing 


30,000 


support 


Conclusion 
(11-15) No failure 4 1528 


(16-20) No failure 
(26-30) Failure 


(31-35) No failure 
(36-40) Failure of 


Heat Treatment 
Heat to 1950° F., Hold 10 Min., Air Cool, 
i Reheat to 1350° F., Soak 1 hr., Air Cool 
Specimens Av. Time, Specimens 

Tested Hr. Conclusion Tested 
(51-55) No failure 


4 1200 (56-60) No failure 
4 95 (66-70) Failure 
2 


(71-75) No failure 


(76-80) Failure of 
support 


that the conditions causing corrosion cracking be clearly 
understood in order to avoid misapplication of these ma- 
terials. Although the tests reported were obtained on 
Type 347 steel, similar results would be expected on 
other austenitic chromium-nickel steels. 

In order for corrosion cracking to occur, the metal must 
be subjected to a certain minimum tensile stress, the 
magnitude of which may be dependent on the heat treat- 
ment and on the corroding environment. The data of 
Table 4 indicate that for Type 347 steel in boiling 42°% 
magnesium chloride the minimum stress is between 20,- 
000 and 30,000 psi. if the stress-relieving heat-treatment 
temperature is less than 1950° F. Figure 6 shows that 
the applied stress can be considerably greater if the ma- 
terial is stress relieved at higher temperatures. 

In addition, the metal must be exposed to an environ- 
ment that causes little or no corrosion on the unstressed 
areas. The environment must be sufficiently critical 
that the unstressed areas are cathodic and the stressed 
areas small and anodic. That the process is under ca- 
thodic control is indicated by work to be reported by 
Sigvard Berg for Jernkontoret, who found that if oxygen 
is excluded from the solution, corrosion cracking does 
not occur. 

The belief is held by some that only those chlorides 
cause stress corrosion that hydrolyze to form oxy- or 
basic chlorides. Very high concentrations are necessary 
to produce this type of failure. In most cases, the chlo- 
rides that hydrolyze are much more soluble than those 
that do not. If the solid basic chloride is not precipi- 
tated, it appears that this observation may be due to the 
higher HCl activity obtainable in these solutions due to 
their higher concentrations and boiling points. Stated 
another way, the chlorides that do not hydrolyze produce 
solutions having lower boiling points and lower HCl 
activity due to their lower solubility. The HCl activity 
thus produced may be too low to make the stressed areas 
anodic. Hence, cracking would not occur. In addition, 
the temperature may be too low to produce cracking in a 
reasonable time. Although the observations in this 
paragraph are highly speculative, they indicate that com- 
parison of various environments should be made at com- 
parable temperatiires and concentrations. 


Suggestions for Further Work 


It is the authors’ opinion that the work reported in this 
paper covers a sufficient variety of specimen types and 
heat treatments to serve as a basis of comparison for 
similar work to be carried out in many industrial labo- 
ratories, with a view to gathering a much larger volume 
of data in shorter time than can be collected in any one 
laboratory. These investigations might take the follow- 
ing lines: 


1. Using boiling 309° F., 42% MgCh-6H,O as 
medium and one of the types of specimens de- 
scribed, study: 


(a) The behavior of other types of stainless steel. 

(b) The behavior of weld metals used to fabricate 
stainless steel. 

(c) The effect of impurities and minor constitu- 
ents in the steels, and methods of deoxida- 
tion. 

(d) The effect of impurities in the medium. 

(e) Variation between different heats, to deter- 
mine the reproducibility of a given alloy. 


2. Using the specimen types and steel described in 
this paper, study: 


(a) Other pure salt environments. 

(b) Using MgCl,-6H,0O, study the effect of change 
of temperature and of concentration. 

(c) Examine concentrated plant solutions that 
might cause stress-corrosion cracking. 


3. Pursue Items 1 and 2 with a prime object of eluct- 
dating the mechanism of stress-corrosion crack- 
ing in stainless steels. Along this line, also, 1t 
would be in order for those concerned with the 
stress-corrosion cracking of all kinds of metals 
and alloys to sponsor fundamental research on 
stress-corrosion cracking as such without refer 
ence to particular metals or alloys except as their 
behavior may serve to develop or illustrate the 
underlying principles. 
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Summary 


HE first paper! in this series on the 
fins welding of magnesium alloys was 
devoted to methods of chemical preweld 
preparation; the second,? to optimum 
welding conditions and the physical char- 
acteristics of spot welds in the three com- 
mercially available compositions of mag- 
nesium sheet; the third,* to electrode tip 
fouling and means of improving tip life. 

Unprotected magnesium alloys in moist 
environments are subject to general corro- 
sion by reason of the active chemical na- 
ture of the metal and the pervious char- 
acter of the naturally formed oxycarbon- 
ite coating. In addition, the high- 
strength magnesium-aluminum-zine sheet 
alloys are subject to a rapid, specialized 
ittack under the combined influence of 
stress and corrosion. Stress corrosion 
cracking, as the phenomenon is called, 
renders the sheet liable in service to sud- 
den failures at loads considerably less than 
the normal tensile strength. This weak- 
ness has had an effect in retarding the 
adoption of magnesium sheet materials 
for use in aircraft structures. 

The behavior of spot-welded magnesium 
alloy sheet under both general and stress 
corrosion is discussed in the present paper. 
Special equipment for testing the stress 
corrosion resistance of spot-welded speci- 
mens is described. A method is developed 
for improving the stress corrosion resist- 
ance of spot welds in susceptible magne- 
sium-aluminum-zine sheet to the point 
where they are no longer sites of dangerous 
weakness in the sheet. 


Materials and Welding Equipment 


Stock for this investigation was sup- 
plied by both the American Magnesium 
Corp. and the Dow Chemical Co. Mag- 
nesium alloy sheet is generally used in 


* Contribution from the Welding Laboratory, 
Rensselaer Polytechnic Institute, Troy, N. Y. 
re Paper is based in whole or in part on work 
done for the Office of Scientific Research & De- 
velopment under Contract No. OEMsr-1062 
with Rensselaer Polytechnic Institute. This 
noe is the fourth and last in a series presenting 
i 7“ of an investigation into the spot weld- 
iy 19 Magnesium alloys carried out between 
toe 43 and Aug 31, 1944. Details regarding 
- préanization and history of this program can 
Bem. in the Foreword of the first paper 
tna ne 1). The information contained 
OSR 7 been released for publication from 
Mave OSRD No. 4956, Serial No. 
April 21, 1945. 

Lahoreeeseor of Metallurgy, Head of Welding 
ory Rensselaer Polytechnic Institute. 
of c sistant Professor of Chemistry, University 
tcinnati, Cincinnati, O. 
stg Junior Engineer, Technical Service Division, 

Mandard Qj! 


Cc i i ild- 
ing, Cleveland company (Ohio), Midland Build 


Associate 


. Professor of Metallurgy, Rensse- 
‘aet Polytechnic Institute. 


one of three compositions and, for thick- 
nesses ().102 in. or less, in one of two tem- 
pers: annealed or hard-rolled. The table 
gives the nominal compositions and corre- 
sponding designations. 


American Magnesium Corp. 


General Corrosion and Stress Corrosion of Spot- 
Welded Magnesium Alloy Sheet’ 


By W. F. Hess,t T. B. Cameron,‘ D. J. Ashcraft’ and R. A. Wyant! 


nesium is anodic to all other structural 
metals, attack is accelerated by contact 
with them in the presence of moisture. A 
dissimilar metal couple will often cause ex- 
cessive corrosion even in ordinary inland 


Dow Chemical Co. 


Nominal Designation Designation 
Composition Annealed Hard Rolled Annealed Hard Rolled 
Mg-1.5Mn AM3S-O AM3S-H M-A M-H 
Mg-3Al-1Zn AMC52S-0 AMC52S-H FS1-A FS1-H 
Mg-6Al-1Zn AMC57S-O AMC57S-H J1-A Ji-H 


Detailed information on the physical 
and mechanical properties of these mate- 
rials can be found in the second paper of 
this series.? Likewise, a complete de- 
scription of the spot-welding equipment 
and methods normally used in the pre- 
weld preparation of specimens was given 
there. 


General Remarks 


The present magnesium sheet alloys 
generally resist corrosive attack by inland 
atmospheres very satisfactorily. Pro- 
vided moisture is not trapped in crevices 
or low places, no structurally serious corro- 
sion will occur. The sheet gradually 
darkens and acquires a film of magnesitum 
oxycarbonate, which is not impervious, 
but does retard subsequent attack. 

When completely immersed in salt water 
or when wet for substantial periods with 
salt solutions, the alloys corrode rapidly. 
Marine and seacoast locations cause se- 
vere attack, and it is necessary to provide 
surface protection unless there is assur- 
ance that the conditions of service will 
not include exposure to salt water, salt 
spray or corrosive fumes and vapors. A 
number of chemical surface treatments 
have been developed. 4:5» None of these 
give adequate protection in all environ- 
ments, but have more or less value in in- 
hibiting corrosive attack and providing a 
base for subsequent priming and painting. 
Primers pigmented with inhibitive zinc 
chromate are generally recommended. 
Phenolic resin enamels or phenolic resin 
varnishes which contain aluminum paste 
and which may be baked at temperatures 
up to 250° F. are considered to produce the 
most impervious finish coatings. 

Electrochemically, the corrosion proc- 
ess consists simply of the solution of mag- 
nesium and the simultaneous evolution of 
equivalent quantities of hydrogen gas. 
Magnesium hydroxide is formed if the 
solution is neutral or alkaline. Since mag- 


atmospheres. There is evidence that the 
Mg-1.5Mn alloy is sufficiently anodic to a 
Mg-Al-Zn alloy to hasten attack on the 
former when the two are in contact under 
suitable conditions.? 

In addition to general attack, the high- 
strength Mg-Al-Zn alloys in sheet form 
are subject to a specialized stress corrosion 
cracking. This weakness has been an 
important factor in retarding the use of 
these materials in aircraft structures. 
The nature of the phenomenon has been 
discussed in detail in the published litera- 
ture.*» % Considerable progress was 
made by Dr. M. A. Hunter and his asso- 
ciates, working under NDRC Research 
Project, NRC-67, at the Rensselaer Poly- 
technic Institute, in finding means to im- 
prove the stress corrosion properties of 
the present commercial sheet, and in dis- 
covering less susceptible alloys with 
equivalent or better general mechanical 
properties. * 

All sources of information now seem to 
agree that stress corrosion in the magne- 
sium alloys has the following characteris- 
tics. 

1. The Mg-1.5Mn alloy, either an- 
nealed or hard rolled, is not subject to 
stress cracking. 

2. The susceptibility to cracking in 
sheet containing aluminum and zinc is re- 
lated to the aluminum content and is 
probably due, when it occurs, to precipita- 
tion of aluminum-rich constituent from a 
supersaturated solid solution. 

3. The Mg-6Al-1Zn alloy has an alu- 
minum content well above the solid solu- 
bility of aluminum in magnesium at room 
temperature (2.6%),'! and this is prone to 


* A report summarizing the results of this in 
vestigation is now available on microfilm or in 
photostatic copy: “Physical and Stress Corro 
sion Properties of Magnesium Alloy Sheet,”’ 
by Hunter, Jones, Mackay, Trathen, Parks and 
Throop, O.S.R.D. Report OSRD No. 6956, 
Serial No. M-647, dated Feb. 7, 1946. The work 
is being continued at R.P.I. under a direct con 
tract with the Air Technical Service Command, 
Materials Laboratory, Wright Field. 
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stress corrosion. The presence of 1% zinc 
does not appear to affect appreciably the 
solubility of aluminum in magnesium. 

4. The Mg-3Al-1Zn alloy, with an 
aluminum content somewhat above the 
solubility limit, is on the border line in 
composition with respect to saturation. 
Stress corrosion cracking is experienced. 

5. The conditions for stress corrosion 
cracking are: 


a. Plastic deformation at low temp- 
erature. Since Mg-Al-Zn sheet 
is cold rolled to obtain the phy- 
sical properties required by 
the designer, it is more or less 
predisposed to stress corrosion 
cracking in the as-supplied 
condition. 

b. Anapplied stress. This stress, 
which should be considered 
strictly to be the sum of the 
residual stresses the 
stresses produced by external 
loading, must be above a certain 
minimum value. The mini- 
mum externally applied stress 
required is called the ‘‘stress 
corrosion limit.” 

c. A corroding medium. 


6. The stress corrosion limit of hard- 
rolled Mg-6Al-1Zn sheet is materially 
raised by heat treatment for 8 hr. at 250° 
F., or for shorter times at higher tempera- 
tures, without deteriorating the mechani- 
cal properties seriously. Such heat treat- 
ment produces metallographically distin- 
guishable areas in which intragranular 
precipitation of aluminum-rich constitu- 
ent has occurred. The improvement in 
stress corrosion resistance can be attrib- 
uted in part to a breakdown in the super- 
saturated condition of the original mate- 
rial. The heat treatment also relieves 
internal stresses, thus raising the external 
load required to cause stress cracking. — 

7. Heat treatment for 8 hr. at 250° F. 
reduces the stress corrosion susceptibility 
of hard-rolled Mg-3Al-1Zn sheet to a 
lesser extent than similar treatment on 
Mg-6Al-1Zn stock. Precipitation of 
aluminum-rich constituent is sluggish in 
the former material, perhaps because the 
degree of supersaturation is slight. 

8. General precipitation throughout 
the sheet is a criterion for high stress cor- 
rosion resistance with Mg-—6Al-1Zn alloy. 
Starting with solution-treated material, 
this precipitated condition does not result 
from cold rolling alone, or from annealing 
at 250° F., or from cold rolling after an- 
nealing at 250° F. But heat treatment 
after cold rolling produces the desired 
effect. 

9. Stress corrosion cracking is trans- 
granular, and the direction of the cracks 
is at right angles to the direction of the ex- 
ternally applied stress. 


General Corrosion of Spot-Welded Sheet 


There is no reason to believe that spot 
welds in magnesium alloy sheet become 
foci for selective corrosive attack unless 
copper transfer from the welding elec- 
trodes has occurred.'?- Copper deposition 
is troublesome when welding the Mg 
1.5Mn alloy.* Difficulty is experienced 
when moisture penetrates between the 
faying surfaces of the joint, but this is not 
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to be attributed to special susceptibility 
of the weld area. 

During simple continuous immersion 
tests in 2.5% sodium chloride solution at 
room temperature, it was observed that 
the electrode contact surfaces of welds in 
Mg-Al-Zn sheet remained essentially un- 
attacked for a considerable time after cor- 
rosion had started over the body of the 
sheet. This was also true of the weld 
nugget and the heat-affected zone around 
it when welds which had been broken were 
immersed. The weld appears to be ca- 
thodic to the parent metal, and thus to a 
certain extent protected. A reasonable 
interpretation of this phenomenon is that 
aluminum-rich precipitate is redissolved 
by fusion within the nugget and solution 
heat treatment around the nugget to pro- 
duce a region-more noble in potential. 
The relative absence of precipitate in the 
heat-affected zone is clearly seen on etched 
microsections. 

No differential behavior under corrosive 
attack was noted around spot welds in 
Mg-1.5Mn sheet. 

A more elaborate alternate immersion 
test on spot-welded FS1-H sheet was con- 
ducted. Shear strength specimens were 
prepared in wire-brushed and chemically 
cleaned stock. These were exposed to 
3.5% NaCl for nine days using the follow- 
ing daily schedule: 


1. Eight or nine 10-min. immersions, 
each succeeded by 50 min. of 
drying in air. 

2. Fifteen or 16 hours of drying in air 
overnight. 


After nine days of alternate immersion, 
the specimens were allowed to remain 
continuously immersed in the corrosion 
medium for 16 more days. The average 
bath and room temperature throughout 
the experiment was 80° + 5° F. No agi- 
tation of the. bath was employed. Al- 
though the solution was changed fre- 
quently, the pH had a high average value 


of 9.9. The pH of a fresh solution quickly 
rose to this value due to rapid solution of 
magnesium and loss of hydrogen ion. 

Although gross general corrosion of both 
the wire-brushed and chemically cleaned 
specimens was observed on completion 
of the exposure, attack had not been ac. 
centuated on the contact surfaces or on 
the faying surfaces. The shear strength 
of the welds had not decreased. 


Average Shear 
Strength of 3 Welds 
(Lb. per Spot) 


Uncorroded  Corroded 
Wire-brushed 410 $10 
(400-420) (400-415) 
Chemically 
cleaned 432* 430 


(395-520) 


* Average of 6 welds. 


(400-480) 


Stress Corrosion of Spot-Welded Sheet 


The behavior of spot-welded hard- 
rolled 0.040-in. Mg-Al-Zn sheet under 
combined stress and corrosive attack was 
also studied during this investigation 
After preliminary experimentation the 
following principles of testing were de- 
cided upon. 


1. To use single spot lap weld speci- 
mens and to stress them in shear 
No type of specimen or of stress 
ing is entirely satisfactory from a 
theoretical point of view. Those 
chosen have the advantage of 
simplicity, and allow direct utili- 
zation of the results from stand 
ard shear strength determina- 
tions. 

2. To seek data in terms of time to 
failure rather than loss of strength 
It was felt that inconsistencies 
inherent in spot-weld strength and 
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Fig. 2—Photograph of Stress Corrosion Apparatus Showing Tank and Stressing Units 
with Specimens in Place 


in corrosive attack might obscure 
the results from loss of strength 
determinations, Moreover, stress 
corrosion, when it occurs at all, 
causes an abrupt loss in strength 
under the accelerated testing 
conditions used in the laboratory. 
3. To stress the welds under constant 
load, in order to avoid any di- 
minution of the external stress 
through creep in the metal. 


Equipment, Specimens and Procedure for 
Stress Corrosion Studies 


For this work, a corrosion tank equipped 
with six stressing units was designed and 
constructed. Each unit consisted of a 
simple lever system mounted on the side 
of the tank. The specimen was suitably 
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attached to the bottom of the tank and to 
the short end of the calibrated lever bar. 
To apply shear stress, predetermined 
weights were applied to the long arm of the 
bar which extended out into the room. 
An electrical system for recording the time 
of failure of any specimen was arranged. 
Figure 1 is a schematic diagram of the 
stress corrosion apparatus, and Fig. 2 isa 
photograph showing the tank and stressing 
units, 


Corrosion Tank and Stressing Mechanism 


The tank was of welded steel construc- 
tion, 12 in. wide by 12 in. deep by 24 in. 
long. It was mounted upon and bolted 
to a special steel table, which in turn was 
bolted to the floor. Six bar supports (4, 
Fig. 1) were welded to the 24-in. side of 
the tank. The lever bar (B was sup- 
ported by a '/:-in. round steel pin (F), 
which slid loosely through a hole in the 
bar and operated in a */,-in. hole in the 
bar support. A collar (D )fitted around 
the short end of the lever bar, and rested 
upon a second !/;-in. round steel pin (L). 
The two pins were so positioned in the bar 
that when the load was applied, the points 
of force contact were on the center line of 
the bar. Figure 2 gives a good view of 
these details. 

The long arm of the lever bar (B) was 
notched to ensure application of the load 
at a fixed distance from the fulcrum. The 
weight carrier (17) bore a head which 
slipped into the notch. Sections of steel 
plate were used to make the weights (W). 

To the collar (D) the specimen support 
(E) was bolted. An adjusting nut (NV) 
was used to bring the lever bar to a hori- 
zontal position when the lap-weld speci- 
men (S) was in place. The specimen 
slipped over a */,-in. polystyrene pin (P) 
mounted in a steel plate which had been 
welded to the side and bottom of the tank 


on the inside. A fillet on the pin prevented 
the specimen from touching the steel plate 
At the top, the specimen was attached to 
the holder (Z) by a second polystyrene 
pin (P’). By using polystyrene at appro 
priate points, magnesium-to-metal con- 
tact and consequent galvanic effects were 
avoided completely. 

A motor (M) and glass stirrer were 
mounted on the front of the tank to pro- 
vide agitation of the corrosion medium. 
The inside of the tank was given several 
coatings of pitch paint to prevent the 
medium from coming in contact with steel. 
This organic lining was repaired each time 
the solution was renewed. 

Calibration of Lever System 


Each lever bar (B) with its own collar 
(D), specimen support (£) and weight 
carrier (1) was calibrated using a Gen- 
eral Electric pressure gage. A_ special 
yoke attachment was employed to trans- 
form the tension stress exerted by the bar 
to the compression stress measured by the 
gage. The results of the separate cali- 
brations checked so closely that one curve 
could be drawn for allthe bars. This curve 
is presented as Fig. 3. The vertical line 
through each point on the curve shows 
the range of ‘‘Stress-Applied-to-Speci- 
mens’’ values found among the six bars 
when the indicated weight was placed on 
the weight carriage. 

The six lever systems performed in al- 
most theoretical fashion. The calibration 
curve was a straight line. Moreover, when 
the component forces had been computed 
and a moment equation written, it was 
found that values calculated from this 
equation agreed very closely with those 
taken from the calibration curve (Fig. 4). 


Timing System 


The wiring diagram of the timing mech- 
anism is shown in Fig. 1. Six resistors 
(Ry), each having a different resistance, 


Force Diagram (Refer to Schematic Diagram) 


ls We 


F = Stress applied to specimen (.S) in Ib 

W = Weights applied (W) in Ib. 

Wa = Weight of lever pin, specimen holder, 
collar and polystyrene pin (L + E + 
D + P’) = 2.3 Ib. 

Wp = Weight of bar (B) = 6.8 Ib 

Wc= ber 5 of carriage for holding weights = 
4.9 Ib. 

D, = Distance from fulcrum (F) to point of 
application of stress = 2.00 in 

D: = Distance from fulcrum to center of gravity 
of bar = 10.9 in 

D; = Distance from fulcrum to point of applica- 
tion of weights = 15 in. 


Equation of Moments About Fulcrum: 
Di F + Wa) = + (W + Wo)Ds 
(2.00) (F + 2.3) = (6.8)(10.9) + (W + 4.9)(15.0) 
F + 2.3 


— 9.8 


Check on Calibration Curve for F = 400 Lb 


2.3 
From equation: W = — -—98 
7.50 
W = 43.8 Ib. 
From curve: W = 43.4 lb. 


Fig. 4—Theoretical Check on Calibration 
Curve for Stress Corrosion Apparatus 
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were connected in parallel between two 
dry cells and an Esterline-Angus recording 
milliammeter. There was a gap (C) in the 
branch of the circuit carrying each resist- 
ance. Nocurrent flowed when all the con- 
tacts were open. A metal strip attached 
to a lead from the appropriate resistor was 
inserted under the weights (W). When 
the specimen failed, the gap (C) was 
closed, allowing current to flow through 
the resistor and recorder. The time of 
failure was thus indicated by a sudden 
increase in the recorded current. The 
magnitude of the increase told which 
specimen had broken. 


Corrosion Medium 


The solution used throughout this work 
contained 20 gm. of potassium chromate 
and 35 gm. of sodium chloride per liter 
of water. The pH was adjusted to 6.0- 
6.3 by addition of hydrochloric acid. 

This solution was employed by Dr. M. 
A. Hunter and his associates, working 
under NDRC Research Project, NRC-67, 
in studying the stress corrosion cracking 
of magnesium alloy sheet. Some discus- 
sion has developed as to whether stress 
cracking in this acid medium is of the same 
transgranular type that occurs in air or in 
unacidified chromate-chloride solutions. 
But the solution used has the following 
advantages: 

1. It is buffered against pH increases 
due to solution of magnesium and evolu- 
tion of hydrogen during corrosion. Chem- 
ically, additions of hydrochloric acid to 
chromate solutions convert the chromate 
partially to dichromate: 


CrO,?- + 2H*— Cr.O0;? + H.O 


The resulting equilibrium mixture resists 
any tendency for the pH to increase, 
since, when such conditions develop, hy- 
drogen ions are released into the solution 
by reversal of the forward reaction. 

2. The rate of cracking is more rapid 
than in alkaline solution. This is perhaps 
due to the fact that magnesium hydroxide 
is soluble in acid solution, and thus does 
not partially smother the corrosive attack 
by precipitating. 


Specimens 


The test specimens were prepared from 
2- x 6-in. pieces of stock (see Fig. 8). «A 
3/,-in. hole with center 1'/2 in. from one 
end and 1 in. from the sides was drilled 
in each piece using a jig to ensure exac: 
spacing. The pieces were then deburred 
on an abrasive belt surfacer, degreased 
and chemically cleaned. For welding, 
another jig was employed to fix the dis- 
tance between holes. A single spot weld 
was made at the center of a 2-in. overlap. 
The over-all length of the welded speci- 
men was thus 10 in., and the distance be- 
tween hole centers, 7 in. 


Experimental Procedure 


For each alloy and treatment condition 
studied, a curve showing the relation be- 
tween the stress applied to the weld and 
the time to failure was obtained. The 
stresses were expressed in % of average 
shear strength, and the time to failure was 
plotted in minutes (Figs. 5-7). 

The specimens to be used in determining 
a given curve were welded at the same time 
and under identical welding conditions. 
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TIME TO FAILURE IN MINUTES 
Fig. 5 


Tue shear strengths of three specimens 
were determined and averaged. The 
applied weights necessary to stress the 
remaining specimens at given percentages 
of the average shear strength in the corro- 
sion apparatus were calculated from the 
calibration curve. At least two specimens 
were tested at each selected stress. 

In starting the test on a given specimen, 
care was taken that it was properly 
aligned, that the lever bar was in nearly 
horizontal position, and that the load was 
applied very gently. The solution was 
agitated continuously, and the pH checked 
once each day. Distilled water was added 
at regular intervals to replace evaporation 
losses and maintain the liquid at constant 
level. The solution was completely re- 
newed every two weeks. If specimen fail- 
ure did not occur within 100 hr. (6000 
min.), the test was terminated. 


Special Treatments 


The J1-H sheet (Fig. 5) and the AMC 
57S-H sheet (Fig. 6) were heat treated 
for 8 hr. at 250° F. and '/, hr. at 450 
respectively, before chemical cleaning and 
welding, in order to reduce stress corrosion 
susceptibility. After welding, some of the 
Ji-H test specimens were again heat 
treated for 8 hr. at 250° F., and some of the 
AMC57S-H specimens for '/, hr. at 450 
F. Certain welded specimens from J1-H 
AMC5S57S-H and FSI-H stock were pr 
stressed in shear at 75% of their averag: 
shear strength for 100 hr. prior to being 
tested in the corrosion medium. The pur 
pose of this after-weld prestress was to 
diminish and redistribute the interna! 
stresses locked in the sheet by the spot 
welding operation. 

The average shear strength used in cal- 
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7 T STRESS CORROSION OF .040° MG-3AL-1ZN  SPOTWELDS men life under moderately high stress. 
CORROSION MEDIUM | [amcs2s-m aS WELDED A 100-hr. after-weld prestress at 75° of 
3.5% NACL + 2 %KgCROq* HCL TO | FSi-w | shear strength raised the stress limit from 
62 ROOM TEMPERATURE (80°F) 45% to 75% of the as-welded strength. 
At stresses which caused as-welded speci- « 
xr | mens to fail in three minutes, prestressed i 
2 | samples lasted upwards of 100 hr. ream 
| y 57S-H sheet was heat treated for hr. 
g tl nen at 450° F. prior to welding to reduce stress 
| x corrosion susceptibility. In the as-welded 
| condition, the stress limit was approxi- 
w | PI 
g |} § mately 60°% of shear strength, some 15% 
w | 4 higher than that of welds in J1-H sheet. Dee 
After-weld heat treatment shortened speci- 
6 men life under all stresses. Prestressing 
did not raise the stress limit significantly, 
— and gave shortened life at higher stresses. 
“TT TT Mg-3Al-1Zn Hard-rolled Sheet (Fig. 7). 
—FS1-H and AMC52S-H sheet were 
* | | welded in the as-received condition. The as 
stress limit of as-welded FS1-H spots was 
about 60% of shgar strength. Thislimit was om 
| | | raised by after-weld prestressing to 75%. se 
2 100 200 300 1000 _2000 5000 As-welded spots in AMC52S-H sheet had 
TIME TO FAILURE IN MINUTES a high stress limit, 80%, and thus ex- us. 
Fig. 7 hibited remarkably low susceptibility to 
stress corrosion cracking. 
Summary, Correlation and Interpreta- 
culating the weights to be applied to the in Figs. 5-7 by an arrow pointing to the tion of Results.—A summary of the alloys poor a 
stressing system of the corrosion appara- right when failure occurred in less than and special treatments studied, together e 
y tus, and in plotting the curves, was that 100 hr. with the experimentally determined stress 
ed of the specimens in the as-welded condi- J1-H Sheet (Fig. 5).—The J1-H sheet limits below which stress corrosion failure 
50) tion, regardless of special after-weld treat- was heat treated for 8 hr. at 250° F. did not occur within 100 hr., is presented ! 
nd ment. It was felt that the important prior to welding to reduce stress corrosion in Table 1. It will be noted that the ob- 
on question was whether the after-weld treat- susceptibility. In the as-welded condition, served stress limit has been rounded off 
he ment increased the over-all resistance of the stress limit was very low. Heat treat- to the nearest 5%, since the accuracy of te 
vat the spot-welded sheet to stress corrosion ment after welding lowered the stress limit, determination was probably no better than io 
he cracking. but there was some lengthening of speci- this. 
H Results from Stress Corrosion Studies 2 
re ; (a) (b) (c) (d) (e) (f) 
agi It is apparent from the curves presented we 
ing in Figs. 5-7 that spot-welded Mg-Al-Zn 
ur sheet is subject to stress corrosion crack- 
to ing. That is, the test specimens failed 
nal under the influence of the corrosion me- : 
sot dium at stresses which were less than the . 
shear strength. In each case, furthermore, 
cal- there was a rather sharply defined limiting 


stress above which the specimens failed 
within reasonable times and below which 
, failure did not occur before 100 hr. The 
it! “stress limit’ has been taken as the per- 
|| centage stress corresponding to the point 
where the experimental curve reached 100 
hr. (6000 min.). 
The types of failure observed are pic- 
tured in Fig. 8. Type A, in which the 
weld nugget and some adjacent metal 
drop out of the specimen as a slug, was 
experienced with welds having a low stress 
limit (e.g., JI-H, as welded) when stressed 
considerably above this limit. Type B 
was characteristic of unsusceptible welds 
J1-H, after-prestressing) under very 


ng) 
high stress. The crack skirting the weld g 
ugget in the lower half of the specimen 
is to be noted. Cracking of one or both ’ 


of the sheets always preceded the pull-out 
of the nugget in this type of failure. 
Type C occurred with susceptible welds 

under moderate stress. Type D, failure 
pase of the parent sheet around the lower poly- 
fae pin, was experienced with unsus- 
‘Puble welds when employing stresses 
iW that were high but the ath eager Fig. 8-Test Specimens for Stress Corrosion Studies and Typical Failures Observed 
pee breaking at the weld within reasonably in Spot-Welded 0.040-In. Mg-Al-Zn Hard-Rolled Sheet 


aa. umes. Since cracking of this type (a) Unwelded pieces, 2 x 6 in.; (b) welded specimen, 2 x 10 in.; (c) failure, Type A; 
not involve the weld, it is indicated (d) failure, Type B; (e) failure, Type C; (f) failure, Type D. 
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Table |1—Gummary of Alloys and Special Treatments Studied, and Stress Limits 


Observed. Stress Corrosion of Spot Welds in Hard-Rolled Mg.-Al-Zn Sheet 
0.040-In. Stock, Chemically Cleaned 
Average Stress 
Shear Limit, 
As-Welded Strength % of As- 
Special Average After Welded 
Treatment Shear Special Special Average 
Before Strength, Treatment After Treatment, Shear Fig. 
Alloy Welding Lb. Welding Lb. Strength No. 
Ji-H 8 hr. at 564 None 45 5 
250° F. 
Ji-H 8 hr. at 523 8 hr. at 250° F. 530 40 5 
250° F. 
Ji-H 8 hr. at 485 100 hr. prestress 512 75 5 
250° F. at 75% 
AMC57S-H 1/2 hr. at 447 None 60 6 
450°F. . 
AMC57S-H hr. at 447 1/,hr. at 450° F. 55 6 
450° F. 
AMC57S-H 1/2 hr. at 447 100 hr. prestress Daal 60 6 
450° F. at 75% 
FS1-H None ~ 493 None eae 60 7 
FS1-H None 493 100 hr. prestress — 75 7 
at 75% 
AMC52S-H None 493 None 80 7 


The following facts are apparent from 
Table 1. 

1. Spot-welded Mg-3Al-1Zn sheet is 
not so susceptible to stress corrosion as 
Mg-6AI-1Zn sheet. 

2. With the materials used and under 
the conditions studied, Dow Chemical 
Co. sheet in the as-welded condition had 
a lower stress limit than corresponding 
stock supplied by the American Magne- 
sium Corp. 

3. Recommended heat treatments for 
improving the stress corrosion resistance of 
commercial sheet do not render the spot- 
welded specimens less susceptible when the 
treatments are applied after the welding 
operation. 

4. Prestressing for 100 hr. at 75% of 
shear strength raised the stress limit of 
spot-welded Dow sheet very considerably. 

5. Neither after-weld heat treatment 
nor prestressing appreciably changes the 
shear strength of the weld. 

Stress corrosion failure of spot welds in 
hard-rolled Mg-Al-Zn sheet starts with 
Cracking in the heat-affected zone. In 
this region the stress concentration is very 
high. Here also there is supersaturation 
with respect to aluminum, since the heat 
of the spot-welding operation causes solu- 
tion, in a considerable region around the 
fusion nugget, of whatever aluminum- 
rich precipitate was separated in the 
parent metal. The conditions for stress 
corrosion cracking are thus existent in the 
immediate nieghborhood of a spot weld. 
In this sense, the welding operation may 
be said to introduce a weakness into the 
sheet. 

It is not surprising that after-weld heat 
treatment alone does not materially im- 
prove stress corrosion resistance. While 
etched microsections show that such heat 
treatment does cause reprecipitation of 
aluminum-rich precipitate in finely di- 
vided form in the heat-affected zone, im- 
portant improvements can be expected 
only when the metal has been cold worked 
to a considerable extent before the treat- 
ment is given. 

After-weld prestressing also produces 
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some reprecipitation in the heat-affected 
zone. But the benefits from prestressing 
can be attributed largely to room tempera- 
ture creep and redistribution of stress 
around the weld. The stresses locked 
into the sheet by the welding operation 
are probably reduced and evened out with 
the result that a higher external stress 
must be applied to cause stress corrosion 
cracking. 

Since prestressing works the metal in 
and around the nugget to a certain extent, 
heat treatment following the prestressing 
operation might be expected to raise the 
stress limit still further. However, pre- 
stressing alone raised the stress corrosion 
cracking limit to at least 60% of the shear 
strength. Since actual structures would 
not be designed to stress spot welds above 
this value, the combined effect of pre- 
stressing and subsequent heat treatment 
was not verified experimentally. It 
should be mentioned that the length and 
per cent of prestress used in this work were 
chosen arbitrarily. Other times and mag- 
nitudes of prestress may also be effective 
in improving resistance to stress corrosion. 


Conclusion 


The available evidence does not indi- 
cate that unstressed spot welds in magne- 
sium alloy sheet become foci for selective 
corrosive attack unless copper transfer 
from the welding electrodes has occurred. 
Difficulty may in time be experienced if 
moisture penetrates between the faying 
surfaces of the weld, but this should not 
be attributed to special susceptibility of 
the weld area. 

Spot-welded magnesium-aluminum-zinc 
alloy sheet (Mg-6Al-1Zn and Mg-3Al-— 
1Zn) in hard-rolled temper is subject to 
stress corrosion cracking which has its ori- 
gin in the heat-affected zone around the 
fused nugget of the weld. This suscepti- 
bility is evidenced by failure of welds 
under the influence of a corrosion medium 
at shear stresses which are less than the 
ultimate shear strength of the welds. 
In each case there is a rather sharply de- 
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fined limiting stress above which failyr, 
occurs in reasonable times, and below 
which the life of the weld is indefinitely 
long. 

Spot-welded Mg-3Al-1Zn sheet is not 
so susceptible to stress corrosion cracking 
as Mg-6Al-1Zn sheet. With the materials 
used and under the conditions studied, 
the spot-weld stress corrosion cracking 
limit had a minimum of 40% of shea 
strength for the 6Al alloy in 0.040-in. 
gage, and a minimum of 60% of shear 
strength for the 3A1 alloy. 

Recommended heat treatments for im. 
proving the stress corrosion resistance of 
commercial sheet do not render the welds 
less susceptible, regardless of whether the 
treatments are applied before or after the 
welding operation. 

Stressing of welds under loads less than 
their shear strength for considerable pe- 
riods prior to exposure to the corrosion 
medium, remarkably improves the re- 
sistance to stress corrosion cracking of 
those welds whose stress corrosion limit is 
low in the as-welded condition. Pre. 
stressing for 100 hr. at 75% of shear 
strength raised the stress limit of spot 
welds in 0.040-in. Mg-6Al—1Zn sheet from 
45 to 75% of shear strength. The same 
treatment raised the stress limit of spot 
welds in 0.040-in. Mg-3Al-1Zn sheet 
from 60 to 75% of shear strength. 

Prestressing raises the stress corrosion 
cracking limit to a value safely above 
that at which spot welds would normally 
be stressed in service. It does not appre- 
ciably change the shear strength of the 
weld. 


Recently Published Information 


Since completion of the work in the 
R.P.I. Welding Laboratory, several papers 
on the spot welding of magnesium alloys 
have appeared. Of those examined, none 
has presented new information on the 
general and stress corrosion characteris- 
tics of magnesium alloy sheet. 

Tylecote!? has reviewed the available 
literature. 
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| Distribution of Strength and Ductility in 


Welded Steel Plate as Revealed by the 
: Static Notch Bar Tensile Test 


By W. F. Brown, Jr.,t L. J. Ebert and G. Sachst 


Introduction 


HIS investigation has been primarily concerned 

with the problem of distribution of mechanical 

properties across a welded plate. It was hoped 
that variations in properties and in structure could be 
detected at room temperature, which would help to ex- 
plan the brittle failures sometimes observed in pre- 
sumably ductile welded structures. 

Itisnow recognized by most investigators that a simple 
test (such as the tensile or bend test) of a particular 
welded structure as a whole is not sufficient to establish 
the reasons for such brittle failures, 

Previous investigations have shown that welding can 
produce large microstructural variations. The structure 
ol certain zones has led to the conclusion that areas of 
brittleness exist. This information has been summarized 
by Davenport and Aborn.’ It was pointed out in that 
paper that the structure at a particular point in the 
transition zone depends on the maximum temperature 
reached and rate of cooling. Brittleness has been 
ascribed to both a coarse Widmanstitten structure in 
the transition zone and to a martensitic type of structure 
cormed if the temperature gradients were sufficiently 
teep. While the possibility of an embrittled zone in the 
\ntransformed parent metal resulting from quench or 
‘ain aging has been recognized, this region (heated 
‘elow the lower critical) has not been considered of great 
importance in respect to embrittlement.‘ 

The mechanical properties of these various zones have 
ii the past been evaluated primarily by means of Rockwell 
*t Vickers hardness tests. The usefulness of hardness 
‘ltveys across a welded section is considered in a com- 
pciensive review of the literature relating to heat 
Cleets in welding, reported by Bruckner,’ and also dis- 
‘ussed particularly in papers by Theisinger.’ Attempts 
‘ave been made to predict qualitatively from such hard- 
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ness surveys the relative strength and ductility of a 
given structural region, and also to evaluate the effects of 
various welding and metallurgical variables on these 
quantities. 

The extent of the so-called hardening effect can be 
evaluated by such hardness distributions, and the hard- 
ness values are generally closely related to the tensile 
strength. 

However, as has been emphasized by several investi- 
gations in the past,'*** hardness data permit no con- 
clusions as to the relative ductility of the given structural 
region of the weld. It is now generally accepted that the 
ductility is far more important than the hardness or 
tensile strength in determining the ability of a welded 
structure to perform satisfactorily in service. Among 
the more important embrittling factors often associated 
with service failures are multiaxial stresses, stress con- 
centration, speed of loading and low temperature. No 
conclusions regarding the effects of such factors on the 
ductility can be ascertained from a knowledge of the 
hardness or tensile strength alone. 


Only a few investigations have been conducted con- 
cerning the distribution of ductility under combinations 
of embrittling conditions which might be encountered in 
service. Thus, Kinzel‘ in some work on oxyacetylene 
welding of firebox steel reproduces in regular tensile and 
in Izod impact specimens, by suitable heat treatments, 
the various structures found in the welded plate. By 
this procedure a distribution of properties was indirectly 
obtained, extending from the interface between weld 
bead and parent metal into the parent metal. The un- 
notched tensile strength increases through the tran- 
sition zone, and the unnotched ductility decreases. How- 
ever, these changes in tensile properties are rather small. 
On the other hand, the impact energy (ductility) was 
found to exhibit considerably more variation, being 
distinctly below that for the unaffected plate where tem- 
peratures above the lower critical were reached. A 
distinct minimum was exhibited immediately adjacent 
to the fusion line. No effects of subcritical temperatures 
were revealed by heat treating. However, it was shown 
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Fig. 1—Details of Welding Procedure Used on A70-44 Firebox 
Steel Plate 


that strain aging of the steel (strain of three per cent in 
tension) produced a pronounced reduction in impact 
energy. 

The conclusions drawn from such investigations in 
which a synthetic structure is produced are open to argu- 
ment regarding the identity of this structure with that 
actually existing in the welded section. The most direct 
technique is, therefore, to cut specimens from the welded 
structure and to use a test which can establish the proper- 
ties of a given restricted region. Besides the recent work 
of Shepler at low temperatures,"® apparently only two 
attempts have been made to obtain distributions of 
properties by this direct method at room temperature. 
Chevenard and Portevin* devised a micromechanical 
testing machine which is capable of making tensile and 
shear tests on very small specimens (0.040 in. in diameter 
and 0.60 in. in length). Of the results obtained by this 
method, the distribution of shear ductility was con- 
sidered to be the most significant. Such tests could be 
closely spaced (0.060 in.) and revealed the greatest vari- 
ations. Several different materials, including a low 
carbon steel and various welding techniques, were in- 
vestigated. Kleiner and Bossert* determined the dis- 
tributions of hardness, tensile properties, fatigue and 
impact for a gas-welded boiler steel. Significant differ- 
ences were observed in the impact values. By proper 
location of the notch within a particular structural region, 
its properties could be revealed by means of the impact 
specimens. These investigations have apparently not 
been given particular attention in the past. 

For the present investigation, the static notch bar 
tensile test performed at room temperature has been se- 
lected. This test is capable of subjecting a rather defi- 
nite structural region of the welded plate to the combi- 
nation of embrittling conditions associated with a sharp 
notch. From such a test, a criterion of the metal duc- 
tility may be directly obtained from the contraction in 
area at the root of the notch. 

It is recognized that static notch tests neglect the 
effects of speed which is a known embrittling factor. 
However, it appears from previous literature that the 
speed effect can be replaced, for the present purpose, by 
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tests atlow temperature. Therefore, asufficient number 
of tests were also made at various low temperatures to 
permit a correlation of the results at room temperature 
with variations in transition temperature, such as have 
been revealed by Shepler." 


Material and Procedure 


One inch thick plates of A70-44 firebox steelor* were 
butt arc welded in the rolling direction (72-in. direction) 
to make plate sections 18 x 72 in. One group was 
machine welded, and another hand welded. Details of 
the welding procedure are shown in Fig. 1. 

The electrode used on the hand-welded plates was 
'/, in., Lincoln FW 9. Before depositing a layer, the 
preceding one was peened lightly to clean the weld, and 
particular care was observed in the removal of defects. 
Machine welding was done by the Union melt process, 
using a '/, in. No. 36 wire and 20 XO flux. Welding 
speed in this process was 12 in. per minute. 

The stress relieved condition was produced by heating 
at 1150° F. for one hour, followed by furnace cooling. 

In order to facilitate handling, the large (18 x 72 in. 
plates were flame cut into three sections (18 x 24 in. 
To determine the extent of the heat effects associated 
with this flame cutting, variation of temperature with 
time at various distances from the flame cut was deter- 
mined. The results shown in Fig. 2 indicate that metal 


* These plates have the following chemical composition: 


C, 0.20; Mo 
0.54; P, 0.016; S, 0.033; Si, 0.045. 
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two inches from the flame cut surface was never at a tem- 
perature above 200° F. In addition, the Rockwell hard- 
ness was determined as a function of the distance from 
the flame cut surface, both for the parent metal and the 
weld metal (weld centerline). Figure 3 shows the hard- 
ness to be unaffected for distances greater than approxi- 
mately 0.6 in. from the flame cut. As a result of these 
studies, no specimens were cut closer than 2 in. toa 
flame cut surface. : 

Two types of notch bar tensile tests were selected for 
this investigation, Fig. 4. Both had circumferential 
60° V-notches, removing 50 per cent of the cross sectional 


area. The buttonhead concentric specimen had a 0.010 


in. radius at the root of the notch,* while the threaded 
end eccentric specimen had a sharp notch (notch radius 
of less than 0.001 in.). 

The buttonhead specimen was tested in special fixtures 
designed to yield high concentricity of loading (eccentric- 
ity less than 0.001 in.), while the threaded end specimen 
was tested in a fixture for which the axis of load appli- 
cation was initially 1/, in.t from the longitudinal speci- 
men axis. This equipment has been previously de- 
scribed in detail by Sachs, Lubahn and Ebert.’* 

Notch specimens were initially located with the aid of 
Rockwell ““B” hardness distributions determined on 
ground and macroetched sections perpendicular to the 
longitudinal centerline of the welds. The results of these 
hardness surveys (see Figs. 6 and 7) will be discussed 
later. 

In general, two specimens of each type were made for 
a given location, one with its longitudinal axis parallel 
to the rolling direction (parallel to the welding direction) 
and a second with its longitudinal axis perpendicular to 
the rolling direction. These are referred to as “‘longi- 
tudinal” and “‘transverse’’ specimens, respectively. 

For longitudinal specimens, the location is defined as 
the distance from the weld centerline to the longitudinal 


* The milder notch on the concentric specimen was necessary, since it was 
extremely difficult to obtain reliable ductility (contraction in area at the root 
of the notch) values for the sharp notch. 

t The value of 1/4 in. is referred to as the nominal eccentricity and varied 
somewhat from test to test, depending to a large extent on the condition of 
the specimen threads. 
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Fig. 4--The Two Types of Notched Specimens Employed in the 
Investigation of Welded Plate 


specimen axis, and for the transverse specimens as the 
distance from the weld centerline to the plane passing 
through the notch bottom. In either case, the longi- 
tudinal axis of each specimen was in the center of the 
thickness direction. 

For both the concentric and eccentric specimens the 
“notch strength” was determined, this quantity being 
defined as the ratio of the maximum load to the initial 
notch area. The “notch ductility’ or contraction in the 
area at the root of the notch after fracture was also ob- 
tained for the concentric specimens. Since this latter 
value is considered as an important criterion of the 
inherent metal ductility under the embrittling conditions 
imposed by the notch, several different measuring tech- 
niques were investigated. It was at first thought pos- 
sible to obtain the value from the initial notch diameter 
and radial strain gage’:'' readings to fracture. However, 
the more ductile specimens (those for which fracture was 
initiated after a maximum load had been reached) were 
found to fracture in a progressive manner (i.e., the crack 
first appearing at the notch bottom and traveling radially 
inward at decreasing load). Under such conditions the 
knife edges of the strain gage moved into the crack, 
rendering the final gage readings unreliable. The tech- 
nique finally adopted involved determination of the 
initial and final notch diameters by means of a micro- 
projector (at 20 X) which, for a given specimen, was 
found to yield rather consistent results (+2 per cent 
ductility). 

Low temperatures were obtained by surrounding the 
testing fixtures with a tank which could be filled with 
acetone cooled with dry ice. Before each series of tests 
the fixtures and the tank were first rapidly chilled by the 
addition of equilibrium mixture of acetone and dry ice 
(—80° C). A particular testing temperature was then 
obtained by the addition of acetone, raising the tem- 
perature to somewhat below that desired for the test. 
The temperature of the bath was then allowed to rise at 
a slow rate and the test made when the desired tem- 
perature was reached. The bath temperature was deter- 
mined with a pentane thermometer, the reported testing 
temperature error being approximately + 2° C. 
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Fig. 6—Distribution of Hardness for Machine Welded One In. 


Thick Carbon-Steel Plate 


Results for ““As-Welded”’ Plate 


The data at room temperature and a few test results 
obtained at low temperature for the “‘as-welded’’ plate 


are discussed first. 


A complete experimental analysis of the notch proper- 
ties was made for both hand- and machine-welded plate 
in the as-welded condition at room temperature. 
microstudy, however, was carried out only for hand- 
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Fig. 7—Distribution of Hardness for Hand-Welded One In. 


Thick Carbon Steel Plate 


welded plate, since the machine-welded material did not 
exhibit significant variations in notch ductility. 


Metallurgical Structure 


A series of photomicrographs representative of the 
various structural zones of hand-welded plate (at 100 X) 
are shown in Fig. 5. 

These sections have been chosen along the transverse 
plate centerline and are, therefore, representative of 
structural variations* present for longitudinal specimens 
at the root of the notch. 
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Fig. 8—Comparison of Hardness Distributions for Both Ma- 
chine- and Hand-Welded One In. Thick Carbon-Steel Plate in 
the As-Welded and Stress-Relieved Conditions 


It appears that the weld metal, Fig. 5, A and B, differs 
considerably in ferrite grain size, depending on the lo- 
cation with respect to the boundary between the suc- 
cessive weld bead layers. Thus, the weld metal at the 
base of a given bead has a rather coarse columnar struc- 
ture, Fig. 5B, as would be expected for cast material. 
The thermal effect of laying the subsequent bead is then 
the recrystallization of the upper portions of the previous 
bead, with resultant grain refinement and gradient in 
grain size. The structure at the weld center of this par- 
ticular section of the plate happened to be rather fine 
grained, Fig.5A. However, the notched section of any 
specimen would be of sufficient area to include the pre- 
viously mentioned variable structure. 

The “inner boundary” between the weld metal and the 
transformation zone, Fig. 5C, is very well defined both 
because of the rapid change in grain size and the apparent 
increase in carbon content from the weld to the parent 
metal. The zone of transformed metal is approxi- 
mately 0.2 in. wide and exhibits two types of structures, 


, —s extent of these variations is clearly shown in the macrosection (5 X) 
n Fig. 5. 
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depending on the distance from the weld centerline. 
The structure near the inner boundary is rather coarse 
grained and of the Widmanstatten type, such as en- 
countered in a normalized.coarse grained steel. With 
increasing distance from the weld, Fig. 5D, the grain size 
continuously decreases. The “outer boundary”’ of the 
transformation zone, Fig. 5E, may be defined such that 
the entire structure has undergone complete trans- 
formation on the side of the boundary toward the weld 
(i.e., is heated above the upper critical). 

The next well defined structural region is that of the 
parent metal, shown at one inch from the weld centerline 
in Fig. 5F. It is composed of large areas of ferrite sur- 
rounded by pearlite (i.e., the structure of annealed carbon 
steel). A section four inches from the weld centerline 
shows no difference in structure, Fig. 5G. Between the 
outer boundary of the transformation zone and the parent 
metal, Fig. 5£, is a narrow region characterized by a 
structure resulting from transformations occurring be- 
tween the upper and lower critical. Here the amount of 
primary ferrite appears to be reduced, the amount present 
depending on the distance from the weld. This structure 
fades into that of the parent metal. 


Distribution of Hardness 


Hardness distributions for the machine and hand 
welded plates in the as-welded condition are shown in 
Figs.6 and 7. For each plate condition, hardness values 
for several axes (A, B, C, D and £) at various distances 
from the rolled plate surface were averaged to yield the 
curves in Fig. 8. Macrographs have been added to per- 
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mit a correlation between the hardness variations and 
the structure. 

In general, the hardness increased continuously from 
the edge of the heat-affected parent metal, as the weld 
was approached. For the hand welded plate a maximum 
hardness was reached at the boundary between the weld 
metal and transformed zone, while a minimum appeared 
at the weld centerline. On the contrary, the hardness of 
machine welded plate exhibits a maximum at the weld 
centerline. The extent of the heat-affected zone was 
found to be slightly greater for the hand (3 in.) than for 
the machine welded plate (2.5 in.). In addition, the 
original hardness of the untransformed parent metal was 
raised to a higher value in the heat-affected zone by hand 
welding. 


Notch Properties at Room Temperature 


The distribution of notch strength and ductility at 
room temperature obtained for hand- and machine- 
welded plates is shown in Fig. 9. Each point is the 
average of two tests, one longitudinal and one trans- 
verse. In general, for the weld and for the transformed 
metal, the two directions yielded results which were iden- 
tical within the range of scattering (2500 psi.). How- 
ever, for the remainder of the plate, the longitudinal di- 
rection (rolling direction) possessed superior properties, 
the actual strength and ductility differences being 2500 
7 4000 psi. in strength, and three to five per cent in duc- 
tility. 

From Fig. 9 it can be seen that the concentric notch 
strength values for both hand and machine welded plates 
follow the general trend of the hardness.* Maximum 
values were observed approximately 0.20 in. from the weld 
center for machine-welded plate, and approximately 
0.40 in. from the weld center for hand-welded plate. 
For both welding techniques a minimum is observed at 
the weld centerline. 

The eccentric notch strength for machine-welded plate 
was found to be practically identical with the concentric 
notch strength. On the contrary, for hand-welded plate 
the eccentric notch strength was approximately constant 
throughout the untransformed parent metal. At the 
boundary between the transformed and untransformed 
parent metal, the eccentric notch strength rose rapidly 


* The difference in strength values between the two plates in the unaffected 
parent metal are associated with differences in the hardness of the plate, rather 
than changes introduced by welding. Such differences would be removed by 
the thermal effects of welding in the transition zone. 
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to a maximum value, the position of which coincided with 
the hardness peak. As the center of the weld was ap- 
proached, the eccentric notch strength decreased to a 
distinct minimum. 

The distribution of concentric notch ductility for ma- 
chine-welded plate is essentially uniform. On the con- 
trary, for hand-welded plate the ductility decreased 
gradually from a maximum value in the parent metal to 
a minimum at the outer boundary of the transformed 
zone. After passing through this minimum, the duc- 
tility increased rapidly with decreasing distance from the 
weld to a maximum in the transformed zone, then follow- 
ing the trend of the notch strength decreased to a second 
minimum in the weld metal, this ductility minimum 
being slightly lower than that observed in the parent 
metal. 


Notch Properties at Low Temperatures 


Three specimen locations were selected for these tests. 
These locations corresponded approximately to the two 
minima in ductility observed at room temperature, and 
a location in the unaffected parent metal. A series of 
eccentric notch tests for each location was made over a 
range of low temperatures. In Fig. 10, the eccentric 
notch strength is shown as a function of the testing tem- 
perature. 

It can be seen that for all three locations there is a 
narrow temperature range in which the strength values 
decrease very rapidly with decreasing temperature. 
This brittle-ductile transition temperature was highest 
(—55° C. on the average) for specimens located 0.7 in. 
from the weld centerline, and nearly equal (—75° C.) 
for the weld metal and unaffected parent metal (four 
inches from the weld centerline). 


Results for Stress-Relieved Plate 


Only the notch properties of hand-welded plate were 
investigated in the stress-relieved condition. A micro- 
study (100 X) of this plate did not reveal any structure 
different from that presented for the as-welded plate. 

The effects of stress relief on the hardness distribution 
are shown in Fig. 8. In general, the hardness of the weld 
deposit and of the metal in the heat-affected zones is 
lowered by this heat treatment. Also, the stress relief 
of machine welded plate produced a slight minimum in 
the hardness at the weld centerline. Thus, after the heat 
treatment, the hardness of hand- and machine-welded 
plate possess essentially the same shape. The hardness 
exhibits a maximum at the boundary between the weld 
metal and transformed parent metal (approximately 
.0 in. from the weld center). With increasing distance 
'rom the weld the hardness decreases rapidly from this 
maximum through the transformed zone to a nearly con- 
stant value in the parent metal. 

Che distribution of eccentric notch strength* is shown 
Fig. 11. A considerable reduction in the magnitude of 
the previously observed variations has occurred. In 
the weld metal proper, the notch strength values have 
been considerably improved. 

Low temperature eccentric notch tests, Fig. 12, at 
locations corresponding to those used for the as-welded 
plate, revealed only the transition temperature of speci- 
nens 0.7 in. from the weld center to be definitely changed 

y the stress relief. It was reduced to a value at least 
‘qual to that of the unaffected parent metal. 


P ti. be noted that in Fig. 11 the eccentric notch strength of the un- 


is imply et metal is somewhat lower than in the as-welded plate. This 
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From an examination of the notch properties, it is evi- , 70 ' 
dent that in spite of the large material variations sig- S 
nificant trends in the distribution of properties are re- N 60 . ' 
vealed for both machine and hand welded plate. These Ny , 
results can be further analyzed in terms of ductility of a —e —e 
particular structural region and compared with data N / 
obtained for distribution of ductility by other investi: 
gators. vA 
PUNTS SHOWN ARE AVERAGE 
TWO SPECHENS - ONE ON EACH 
As-Welded Plate SOE OF WELD CENTERLINE. 
Concentric notch bar tensile tests supply a direct meas- BY ; 
ure of ductility, namely, the contraction in area at the Jo rts ts 
root of the notch. However, this value is rather difficult i 
to determine accurately if it is larger than approximately o ve 
10 per cent. 70 20 ¥O 
LUSTANCE FROM WELD CENTER ~ 
Fig. 15—Distribution of Shear Ductility for Oxyacetylene in 
“2 Welded 0.40 In. Thick 0.06 Per Cent Carbon-Steel Plate ce 
‘ (Chevanard & Portevin) ev 
pr 
Ne xz In Fig. 13, the results have been replotted to permit a - 
NS WELDED comparison between the distributions of eccentric and 
NR concentric notch strength for both hand- and machine- ve 
3S Fe a welded plates. The differences observed between these be 
NN YWNG two strength values for the hand-welded plate at dis- 
NA 1, Y WY, tances less than approximately two inches from the weld for 
NN 14 | sae center are associated with a loss in ductility. by 
SIS as y WAND WELDED PLATE A further analysis may be made by forming the ratio on 
SIS ¢ | | | between the eccentric and concentric notch strength, dis 
xis ( Fig. 14. Such a ratio would presumably be independent 
aa of the hardness, and dependent only on the ductility.* tie 
> This ratio is practically constant for the machine- ha’ 
N welded plate. On the contrary, for hand-welded plate lea 
8 two different regions of low values are apparent. The cer 
ar more pronounced is at the weld center; the second ex- the 
tends from approximately 0.5 to 1.5 in. from the weld dre 
centerline. A ratio of unity is observed at approxi- tha 
mately 0.3 in. from the weld centerline. The variations of 1 
FROM  ‘nductility revealed by the distribution of these strength 
Fic. 14—Dictribett nae ; ratios is confirmed more definitely by the distributions of wit 
g. ribution of the Ratio of Eccentric to Concentric : oa: : . 
Notch Strength for Machine and Hand-Welded One In. Thick concentr 1c notch ductility shown in Fig. 9. — Stet 
Carbon-Steel Plate The minimum in ductility at approximately 0.5 in. tur 
corresponds to the location of the maximum subcritical wel 
temperature. The reduced ductility in this region may rel 
Previous investigation of low-alloy steels*!! shows possibly be associated with a subcritical precipitation of per. 
that the strength values derived from static notch bar carbide from ferrite (quench aging) or with strain aging, tilit 
tensile tests may be dependent on the metal ductility during the cooling cycle. Either one of these phenomena the 
only under certain conditions. would also cause the increased hardness of this zone. sub 
Thus, the concentric notch strength will be inde- ° The range of ductilities over which this ratio is a measure of the ductility : 
pendent of the ductility if the ductility is larger than the bas not yet Sowers, 
maximum load strain for the metal investigated. Ade- joadstrain a 7 
crease in notch strength with decreasing ductility will | 0 
only occur if the plastic strain is not sufficient to remove g° stre: 
the initially high stress gradients set up by the notch. stre: 
The concentric notch specimens from both welded 2 2 derj 
plates exhibited a stress-strain curve which passed iN and 
through a maximum, indicating a rather high ductility. / a | soni 
Under these conditions, the derived strength values are a SUBCRITICAL C 
primarily dependent upon the hardness or tensile / 000°C the } 
strength, but independent of the ductility. 3 ¢ ‘leet same 
The eccentric notch strength®'! is lower than the con- $ / | POINT 13 AVERAGE OF met: 
centric notch strength if, at fracturing, the initially N (ROM THITS. the 
applied eccentricity is not entirely eliminated by plastic \ / ms! pare 
flow. This elimination of the bending moment requires N ay4 a) redu 
a ductility considerably exceeding that necessary to N pare: 
eliminate the stress concentration due to a notch alone. °F Fo W771 750 200 250 Tegio 
The eccentric notch strength, therefore, depends upon LUSTANCE OF NOTEH FROM CANTER AMMA" mate 
the metal ductility over a considerably wider range than Fig. 16—Distribution of Notch Impact Strength for Oxy woul 
the concentric notch strength. acetylene Welded 0.60 In. Boiler-Steel Plate (Kleiner & Bossert) trie r 
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These results concerning the distribution of ductility 
at room temperature are in qualitative agreement with 
those obtained in other investigations, Figs. 15 and 16. 

Chevenard and Portevin* report differences in the dis- 
tribution of shear ductility for 0.40 in. thick, 0.06 per 
cent carbon, steel plate, oxyacetylene welded with a bare 
wire, Fig. 15. At 

Kleiner and Bossert? determined the distribution of 
impact strength for oxyacetylene welded 0.60 in. thick 
boiler steel plate, Fig. 16. A large number of tests were 
made for a few structurally selected locations. The maxi- 
mum temperature reached at these points is also shown. 
Point A is at the weld center, point B corresponds to the 
fusion zone or boundary between the weld metal and 
transformed parent metal, and point C is at the location 
of maximum subcritical temperature. Points D and E 
were in the parent metal. 

Since oxyacetylene welding was employed in both these 
investigations, the thermal conditions are not strictly 
comparable to those encountered in arc welding. How- 
ever, the same general differences in the distribution of 
properties are noted. Thus, two regions of reduced 
ductility are apparent, one at the weld center and a 
second in the subcritically heated parent metal. Also, 
a maximum in ductility (particularly pronounced in the 
results of Kleiner and Bossert) was found at the boundary 
between the weld metal and the transformed zone. 

The presence of a region of low ductility in the untrans- 
formed metal was further confirmed in this investigation 
by the low temperature eccentric notch tests. They 
reveal the transition temperature of this region to be 
distinctly higher than that of the unaffected parent metal. 

On the contrary, no such relations between the proper- 
ties at room temperature and those at lower temperatures 
have been observed for the weld metal. This zone is the 
least ductile of any at room temperature. However, at 
certain low temperatures its ductility is equal to that of 
the unaffected parent metal, No generalization can be 
drawn, however, from this fact. It cannot be expected 
that the properties of the weld metal are related to those 
of the plate, in any definite manner. 

These results at low temperature may be compared 
with those of Shepler™” for hand-arc-welded, 0.23 carbon- 
steel plate. Shepler determined the transition tempera- 
ture of static notch bending test specimens cut from the 
welded plate, Fig. 17. The trend of the curve is not cor- 
related with the microstructure or the maximum tem- 
peratures. Presumably, however, the minimum duc- 
tility (maximum in transition temperature) one inch from 
the weld center may be again associated with the region 
subjected to a maximum subcritical temperature. 


Stress Relieved Plate 


Only a limited amount of data are available for the 
stress relieved plate; however, the qualitative effects of 
stress relief on the ductility of hand-welded plate may be 
derived from the eccentric notch strength distribution 
and the hardness change by the following method of rea- 
soning, 

Considering first that, as was previously mentioned, 
the hardness and the concentric notch strength follow the 
same trend, then a reduction in hardness for a ductile 
metal would cause a decrease in this strength value. In 
the region of reduced ductility in the subcritically heated 
Parent metal, the stress relief heat treatment resulted in a 
eduction of hardness to the value of the unaffected 
Parent metal. The eccentric notch strength in this 
Tegion after heat treatment was found to be approxi- 
mately equal to its value in the parent metal. This 
Would indicate that the ratio of the eccentric to concen- 
trie notch strength was constant throughout the untrans- 
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Fig. 17—Distribution of Transition Temperature in Hand 
Welded 0.23 C Steel Plate as Determined by Static Notch oe 
Bend Tests (Shepler) | 


formed parent metal. Consequently, the ductility of 
this region is increased by stress relief to probably the 
value of the unaffected parent metal. 

This beneficial effect of stress relief on the ductility is 
confirmed by the decrease in transition temperature ob- 
served for the 0.7-in specimen location to a value approxi- 
mately equal to that of the unaffected parent metal. 
Such results from thermal stress relief would be expected i. 
if embrittlement in this region were due to strain or eh 
quench aging, the effects of which are eliminated at tem- 
peratures even lower than that used for the stress re- 1 ae 
lief heat treatment. 2 


Conclusions 


The following general conclusions may be drawn: 


1. The hardness survey is useful as an indication of 
the extent of the heat effect, and to evaluate the 
hardening effects of various welding and metal- 
lurgical variables. However, it is not a criterion 
of ductility. 

2 By the use of the eccentric and concentric notch 
bar tensile test, it has been found possible to 
reveal variations in strength and ductility across 
arc-welded carbon-steel plate at room tempera- 
ture. The magnitude of such variations de- 
pend on the welding technique and the subse- 
quent thermal treatment. 

3 The results indicate that at room temperature two 
zones of low ductility may be present in hand- 
welded plate, one at the weld centerline and a 
second in the subcritically heated parent metal. 
No appreciable variation in the ductility of 
machine-welded plate could be revealed at room 
temperature. 

4. Tests at low temperature (to determine the transi- 
tion temperature) also indicated a region of low 
ductility in the subcritically heated metal. 

5. The conclusion that a zone of reduced ductility 
exists in the subcritically heated parent metal 
was found to be in agreement with the results 
reported by several other investigators at room 
and low testing temperatures. 

6. A stress relief treatment at 1150° F. for one hour 
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was found to restore the ductility in the embrit- 
tled zones of hand-welded plate. 

7. In general, it would appear from these tests that 
the large material variations encountered render 
difficult the interpretation of the notch strength 
properties, in terms of welding effects. There- 
fore, in future investigations of this type it would 
appear necessary to reduce the metal ductility 
to a sufficiently low value where it is alone the 
decisive factor in determining the metal charac- 
teristics. 
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Ettects of Section 


Size on the Static 


Notch Bar Tensile Properties 
of Mild Steel Plate 


By W. F. Brown, Jr.,t J. D. Lubahn? and L. J. Ebertt 


Abstract 


The influence of the tested section size on the properties of a 
fully Si killed 0.25 carbon steel plate was investigated for geometri- 
cally similar notched bars tested in static tension. Specimens had 
cylindrical diameters ranging from '/, to 4 in., and possessed 50%, 
60°, sharp circumferential V-notches. All specimens were cut 
from 4-in.-thick plate and were located in respect to the thickness 
direction in such a manner that their average ductilities were equal. 

The results revealed a considerable decrease in notch strength 
from 110,000 psi. for the smallest specimen to 88,000 psi. for the 
largest specimen. The corresponding decrease in notch ductility 
was much more pronounced, being from 20% to only 2%. 

Experimental data obtained by the authors are compared with 
those reported previously by other investigators for steel, and the 
possible explanations for the size effects are discussed. 


* This paper is a report on a research program sponsored by The Welding 
Research Council of the Engineering Foundation and conducted at Case In- 
stitute of Technology under the direction of Dr. George Sachs, Professor of 
Physical Metallurgy and Director of the Research Laboratory for Mechanical 
Metallurgy. Scheduled for Twenty-eighth Annual Meeting, A.W.S., Chicago, 
lll., week of Oct. 19, 1947. 

+ Research Laboratory for Mechanical Metallurgy, Case Institute of Tech- 
nology, Cleveland, Ohio. . 

t Parente with Case Institute of Technology, now Research Associate, 

Laboratory, General Electric Co., Schenectady, N. Y. 


Introduction 


T HAS been recognized for many years that the 
absolute size of a test bar has an important influence 
on its unit properties. Thus, it has been noticed that 

an increase in size of otherwise geometrically similar 
specimens of a presumably identical material may not 
produce the increase in load or absorbed energy that 
would be predicted from the Barba-Kick law of similarity. 
Such effects were noticed by Charpy! in 1912, who found 
that a threefold increase of all dimensions of notched 1m- 
pact specimens did not result in a threefold increase ™ 
absorbed energy. 

These size effects are now widely recognized in the 
shipbuilding industry where the use of extremely large 
fabricated steel sections iscommon. It has been shown” 
by tests on various large ship plate specimens that an 1 
crease in tested size may be a potent embrittling factor, 
particularly when combined with other factors such as 
high stress gradients, multiaxial stress and low tempet® 
ture, which reduce the metal ductility. 
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—_——4 ——__o determined the size effects for a brittle metal by un- : 
r | notched tension and bending tests on a high phosphorous “m 
steel (0.52 P). os 
l} | fl The investigation discussed in this paper was con- 4 
My - anal —— | cerned with the effects of section size on the static notch a} 
} | Hil bar tensile properties of a medium carbon normalized ee. 
steel. This test subjects the metal to the combination of 
embrittling factors associated with a sharp notch (stress CS 
SOX, 60° NOTCH, and strain gradients and multiaxial stresses). The com- 
TOPS USED. under service conditions. A criterion of the metal duc- 


tility may be obtained directly from contraction in area 
at the root of the notch. Under these conditions the 


— pa ductility should be particularly sensitive to changes in a 
ma the tested section size. The results of this study are com- 
| | DIA. \ NOTCH pared with those obtained by the above-mentioned in- 

y 
a) @ es = vestigators, in order to reveal the general effects of section 
size on steel. In addition, various explanations for the 
| | | Let Yes 90 effects of specimen size are considered. 
| | Shit ths 180 ey 
| 4000 * A002 | O707 20.002 tina Material and Pr 
20000002 | L414 20008 700 
| The material investigated was 4-inch-thick, commercial 
grade, hot rolled, fully Si killed, 0.20 to 0.30 carbon steel 
Fig. 1—Notched Tensile Specimens Used in the Investigation plate. The plate, as received, had been flame cut into 
of Section Size 
é L40 
The successful isolation of the absolute effect of speci- * 
men size requires that allspecimens be machinedfromthe 
same piece of metal stock. Tests on specimens having 
varying previous deformation histories are misleading, 
since the effects of history will then be superimposed on N S00 $ ——;— 
that of section size. In addition, all quantitiesinvolving ‘ 
dimensions must be kept strictly proportional in a series N 
of specimens having various sizes. GE | 
Unfortunately, the above requirements have been N e 
satisfied only by a few investigators. Thus, Docherty® 
has made both Izod and Charpy type slow notch bending & SHALL 
tests on several different steels, which reveal a pro- | 
N | ‘eee 
| | 
—3—3__| | 
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Fig. 3—Distribution of Longitudinal Notch Properties in the 
Thickness Direction for 4-In.-Thick Steel Plate 


convenient sizes (4 in. square by 16 in. long). All pieces 
were cut from the same plate. Before using, the pieces 
were given a standardizing heat treatment consisting of 
heating at 1625° F. for 4 hr., followed by cooling in still 
air. The size of the piece heat treated was always the 
same, to insure identical cooling rates. 
Notch specimens were of the type shown in Figs. 1 and 
L 2 and possessed a 60° circumferential V-notch which re- 
Fig. 2—Notch Tensile Specimens for the Investigation of Sec- moved 50% of the cross-sectional area. A particular 
tion Size “section size’’ is represented by a selected value of the 
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Fig. 4—Ball Seat Fixtures for Testing Large Specimens in the 
600,000-Lb. Machine 


cylindrical diameter, Do. All specimens were geometri- 
cally similar in that the ratios between the cylindrical 
diameter, Do, and the notch diameter, D, and also be- 
tween Do and the cylindrical length, L, are constant. 
However, the radius at the root of the notch, R, was in all 
cases made as sharp as possible (i.e., 0.001 in.). The 
notch sharpness, D/2R, therefore, varied from approxi- 
mately 90 for the smallest specimen to 1400 for the largest 
specimen.* The threaded ends differed somewhat, de- 
pending on the adapters used in testing the specimens. 
The longitudinal axes of the notched bars were parallel to 
the rolling direction in all cases. 

It was desired to have the various sized specimens pos- 
sess the same average ductility across their notched cross 
sections. For this purpose the distribution of longitu- 
dinal notch properties of the plate in the thickness direc- 
tion was determined, using '/2-in. cylindrical diameter 
notch specimens having their longitudinal axes parallel 
to the rolling direction and at various distances from the 
plate surface. The resulting distribution, Fig. 3, of notch 
properties revealed the strength to be uniformly dis- 
tributed. However, a slight minimum appears in the 
distribution of the ductility at the plate center. The 
specimens of various sizes were then located with the aid 
of Fig. 3 with respect to the center of the plate in such a 
manner that the average ductility of the notched cross 
section for any particular specimen was equal to the 
average ductility of the notch cross section of the largest 
specimen. 

Specimens having cylindrical diameters from '/, to 1 
in. were tested at a slow speed in ball seat fixtures of the 
conventional A.S.T.M. design. It was necessary to de- 
sign and build large tensile fixtures of essentially the same 
type for testing the 2-in. and 4-in. diameter specimens. 
These are shown, Fig. 4, in the 600,000-lb. hydraulic 


¢ It should be noted that strict conditions of similarity would require that 
the notch sharpness be kept constant. However, as will be discussed later the 
magnitude of the size effect as revealed by these tésts appears to be consider- 
ably larger than could be explained by the variations in sharpness. 
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tensile machine, with a 4-in. diameter specimen in place, 

The notch strength and the notch ductility were de. 
termined for each test. The notch strength is defined as 
the ratio between the maximum load and the original 
notched area. The contraction in area at the root of the 
notch (notch ductility) was considered as the best avail. 
able criterion of the metal ductility under the severe 
conditions imposed by the notch. Therefore, considerable 
effort was expended to insure that this value was deter. 
mined accurately. 

Several different methods were investigated for deter- 
mining the initial and final notch diameter. The most 
accurate and reproducible of these consisted of projecting 
an enlarged (20) shadow of the notch contour on 4 
screen with reference lines, and moving the specimen by 
means of a micrometer screw until first one side and then 
the other side of the notch coincided with the reference 
line. On the fractured specimens the bottom of the notch 
could be distinguished by the juncture between the 
irregular fractured surface and a small radius which had 
been generated at the notch bottom by the plastic de- 
formation preceding fracturing. The results agreed well, 
for both initial and final diameter measurements, with 
those obtained using chisel-anvil micrometers, ¢ and good 
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Fig. 5—Etffect of Section Size on the Notch Properties of 4-In.- 
Thick Steel Plate 


agreement was also obtained with micrometer microscope 
measurements of the diameter of the fractured surlave, 
when the microscope was mounted normal to the fracture 
surface. Occasional uncertainties as to the position of the 
edge of the fracture surface, as judged by one method, 
could generally be overcome by using one of thie other 
methods of measurement. Ductility values reported are 
reproducible to approximate + 1% )strain). 


Results 


The data, Table 1, for notch strength and ductility 
have been plotted in Fig. 5 against the specimen si7¢. 


t This method could be used on fractured specimens only for duct ~~ 
mens where a considerable radius existed adjacent to the frac ture sur’ 
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Table 1—Effect of Section Size on the Static Notch Tensile ’ ° 
Section Notch Notch BENDING 
Size, Strength, Ductility, N 25, 
In. 1000 Psi. % ? \ > | 
110 22 
/s N ON TENSION 
99 11 R | 
100 12 
2 91 4.5 | | | 
4 o* 
4 86 2.0 | | | 
89 2.5 | | 
reners oth the strength ; one ‘ Fig. 7—Influence of Section Size on the Brittle Strength for Un- oS 
In of bi gt and fol si notched Static Bending and Tension Tests on High Phosphorous 
similar trends, the rate of decrease in properties becoming Steel, Tested at —190° C. (Davidenkov) as, 
rapidly less with increasing section size. The decrease et 
in strength from the : «in. to the 4-in. specimen is 
approximately 22%. This is accompanied by an enor- certain depth, which was proportionally greater the as. t= 
mous decrease in ductility, from 20° © for the smallest smaller the specimen size, brittle rupture occurred over ‘e 
specimen to 2 > for the largest specimen. the remainder of the cross section. ‘ Bp: 
Examination of the fractured surface revealed two Any explanation of these results must consider the ee 


distinct regions. A central area of approximately circular possible influence of the increase in notch sharpness as 
outline had the appearance of a brittle (or cleavage type) the section size was increased. It is now generally 
iracture. Surrounding this area was a darker region in recognized that for specimens of the same size and in the * 
the form of a ring with its periphery at the root of the range of sharp notches, both the notch strength and duc- ae 
notch. This ring exhibited the characteristics of ductile  tiliy decrease with increasing notch sharpness.”* How. 
or shear) fracture. The ratio of the brittle to the ductile ever, it appears that the effects of notch sharpness de- 


area was found to increase with increasing section size. crease with increasing sharpness. Thus, Sachs and ee 
, These latter observations indicate that the specimens Lubahn’ have shown by experiments on heat-treated iy 
probably fractured in a progressive manner, the crack alloy steels that in the range of notch sharpnesses be- yee 


starting at the notch bottom and proceeding radially in- tween approximately 15 and 1600 large changes in the 


ward (observable visually). When the crack reached a sharpness have comparatively small effect on the notch 2 
ductility. (In fact, in this region the ductility of the more 
200 T T T ductile steels appears to increase with increasing sharp- 
0 STEEL (A), | RAD. «80854 ness. ) 
Ca) + | There ore, it would appear t lat the notch sharpness 
soo re | Jr -+ —-4 variation in this investigation from 90 to 1400 would have 
} | - - 
a small effect on the ductility and that the observed large 
| ~ STEEL effects could be attributed only to an increase in the 
| : * | | ree rhe results obtained by the authors may be compared 
é 70 with those reported previously by several other investi- 
SAE COMEN (A) gators for both brittle and ductile steels. 
Docherty‘ made static notched cantilever bending tests 
a (Izod type) on various steels. The specimen cross section 
varied f 4x4 0.157 x 0.157 to 12x 12 
0 ~ 4 varied from 4 x 4 mm. (0.157 x 0.157 in.) to 12 x 12 mm- 
STEEL | (0.47 x 0.47 in.).* The absorbed energy for each speci- 
| | 2 | | men was obtained from load-deflection diagrams re- 
ure corded to failure. In Fig. 6 (a), Docherty’s data have 
the been plotted to show the variation of the absorbed unit 
od q rss re | 7 energy with the specimen size. 
her ~~ ace =] Jie Docherty® has also investigated the effects of section 
are | size on the absorbed energy for the bending of centrally 
loaded notch beams of a forged mild steel having cross 
t+ sections varying from 10 x 10 mm. (0.40 x 0.40 in.) to 100 
x 100 mm. (3.96 x 3.96 in.) and from 2.5 x 10 mm. (0.09 
| | is pm) x 0.40 in.) to 25 x 100 mm. (0.9 x 3.96in.). The results of 
these tests in terms of absorbed unit energy plotted 
| 
ity > * It may also be mentioned that in this i tigation Docherty‘ also deter- 
a2 av ar y at in is inves iga 100 ocher y a sO eter 
mined the variation of impact energy (at Izod speed) with specimen size for 
ki SALCAIVEN MEVENT CA ) ~~ WEMES this same series of specimens. The results of these tests show an increase 
ai, tig 6—Influence of Section Size on the Unit Energy Absorbed in speed to have practically no effect on the trend of the curves in Fig. 6. 


in . . However, the absorbed energies of the mild steel specimens were increased at 
Notch Bar Static Bending Tests on Several Steels (Docherty) the higher speed. 
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against the specimen height (dimension parallel to the 
bending plane) are shown in Fig. 6 (6). Load-deflection 
diagrams obtained by Docherty‘ reveal that even the 
largest specimen size tested exhibited considerable duc- 
tility before failure. 

Davidenkov*® made the initial attempt to determine 
the size effect for a brittle metal, i.e., one which exhibits 
no measurable plastic flow before fracture. Unnotched 
transverse static bending and regular tensile tests were 
made on three sizes of cylindrical specimens of a high 
phosphorous steel (0.52 P), having diameters ranging 
from 1 mm. (0.039 in.) to 16 mm. (0.63 in.). The tests 
were carried out at — 190° C. (—300° F.) at which tem- 
perature the steel exhibited no measurable amount of 
plastic flow. A sufficient number of tests was made for 
each size to permit a statistical consideration of the re- 
sults. Frequency plots were made of the strength values 
and the most probable value for a given size plotted 
against the specimen diameter in Fig. 7. 

The differences between the specimen types and the 
steels investigated do not permit a quantitative com- 
parison of previously published data with the results re- 
ported in this paper. However, from the total amount of 
data now available, it is possible to draw the following 
general conclusions regarding the effects of section size 
as an embrittling factor. A distinct size effect’exists for 
both ductile and brittle steels. This is evidenced by a 
decrease in both strength and ductility or by a decrease 
in unit absorbed energy as the section size of geometri- 
cally similar specimens increases. The rate of decrease in 
the metal properties appears to decrease continuously 
with increasing size for all metal conditions investigated 
so far. 


Theory of the Size Effect 


Many explanations have been proposed to account for 
the size effects observed in fracturing. These include the 
following possibilities: 

(a) If all specimens have the same absolute grain size, 
the larger specimens will have the finer relative grain 
size. 

(b) If the absolute depth of cold-worked metal (due to 
machining) is constant, the relative depth becomes 
smaller for larger specimens. If the fracturing is 
governed by the surface condition, the size effect may be 
due to the relative amounts of cold-worked material. 

(c) If the properties are nonuniform in the bar or plate 
from which the specimens were cut, an injudicious choice 
of locations in the bar for the specimens of various sizes 
might account for the observed effects. 

(d) To maintain constant strain rate in specimens of 
various sizes, it is necessary that the applied force move 
at a velocity that is proportional to the linear dimensions 
of the specimen. 

(e) If the radius at the head of a propagating crack is 
independent of the specimen size, the crack will be rela- 
tively sharper in a large specimen than in a small one. 

(f) In most types of specimens the stress is not uni- 
formly distributed, and then the stress gradient is 
greater in small specimens than in large ones. 

(g) If the fracture is the result of the spreading of 
cracks from pre-existing defects, and if these defects are 
present in various sizes in a given size specimen, then 
large specimens are more likely than small ones to con- 
tain a defect that will cause failure at a low average 
stress. This concept has been termed the “Statistical 
Theory of the Size Effect.” 

Davidenkov* has shown that possibilities (b) and (e) 
are not capable of explaining the size effect. He also re- 
ports, a size effect for specimens subjected to uniform 


tension which is larger than that for unnotched bending 
While excessive scattering makes such conclusions re. 
garding the relative magnitude of the size effects in ten. 
sion and bending somewhat doubtful, the data do indj. 
cate that external stress raisers or loading conditions re 
sulting in a nonuniform distribution of stress (possibility 
f) are not necessary for the size effect. However, this 
latter observation is not able to completely dispose oj 
possibility (f) as being without influence in cases of non 
homogeneous stress. Davidenkov also reports a de. 
crease in ductility with increasing grain size for a mild 
steel’ and for tungsten,’ which effects would eliminat; 
possibility (a). However, these results are not conclusiy: 
since in the tests on steel the cooling rate and hence als 
the pearlite spacing were varied as well as the grain size. 
and in the tests on tungsten the specimens fractured be 
tween the crystals. 

The strain rates would be lower in the larger specimens 
if the velocity of the applied force were not proportional 
to the specimen size. Scheele’ has shown by variable 
speed notch tensile tests on an annealed low-carbon stee! 
that the ductility decreases with increasing impact 
velocity. Schwinning"™ has shown that the transition 
temperature in notched bending and in notched tension is 
increased (ductility decreased) by testing at impact 
speeds. These results would dispose of possibility (d) 
since they show the effect to be in the wrong direction, 
i.e., the large specimen to be more ductile. 

Possibility (c) has been taken care of in the investiga 
tion reported in this paper. Although possibilities (a) 
and (f) have not been properly investigated, it appears 
unlikely that either one or a combination of both could 
account for the size effects. There remains only the 
statistical theory (g) as a reasonable explanation. This is 
an extension of the statistical theory of fracture orig 
inally set forth by Griffith’? which is based on the con- 
cept that fracture occurs when the local stress balances 
the interatomic forces, but that for real materials the 
average (macroscopic) stress is much smaller, since the 
stress around a “‘defect’’ may be locally raised to the 
value of the interatomic forces by a concentrating effect. 
It was formerly believed that these defects were real 
cracks, small blowholes, etc. However, it was shown by 
Taylor that stress concentrations exist at the end of 
slip bands and more recently this theory has been applied 
to the problem of fracture by Hollomon™ who also con 
siders that grain boundaries and particles of a secondary 
phase could constitute defects. 

The statistical theory of size was first treated quant 
tatively by Weibull” and later by Kantorova and Fren 
kel.* It assumes that the size (or, more properly, 
severity) distribution of the defects is such that a rela 
tively large number of small defects and a relatively 
small number of larger (severe) defects exist. For 4 
given severity distribution, the probability that a par 
ticularly severe defect will occur in a specimen of a given 
size increases with the section size. Consequently the 
average (technical) strength of a number of species 
should decrease with increasing section size. 

For a given severity distribution of defects, the most 
severe defect (that one which causes the actual iailure 
will not be of the same severity in a number of identical 
specimens, but will vary in severity according to the laws 
of probability. Consequently, the strengths of the 
specimens will also vary according to the probability 
laws. For brittle materials, Fisher and Hollomon” have 
shown the scattering in strength depends on the size ol 
the specimens, and to a small extent only on the assumed 
severity distribution (if the distribution conforms to the 
general assumptions of the theory described above). — 
dependence of the scattering on the specimen size may 
described roughly by the relation that the scattering 
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creases with decreasing specimen size. Quantitative 
correlation between scattering and size has been obtained 
for glass” and qualitative correlation for brittle metals.* 

A quantitative consideration of the statistical theory of 
fracture shows" 1% 1? that the size effect should become 
more and more pronounced as the range of sizes that is 
considered includes smaller and smaller specimens. This 
concept agrees with all the available data (ef. Figs. 5, 6 
and 7). The more pronounced effect of size for small 
sizes also becomes apparent even in comparatively large 
specimens if there is a reduction in the volume of metal 
containing a condition of (macroscopic) stress likely to 
cause failure. Thus, in bending, only a layer of metal 
next to the tension surface is highly stressed in tension, 
and the remainder of the specimen is not likely to fail. 
The volume of highly stressed metal is reduced to an ex- 
tremely small amount in a sharply notched tensile test 
specimen. In this case the only metal in danger of failure 
is the thin disk bounded by the roet of the notch. 
Probably only a portion of this disk-shaped volume 
should be considered as the “effective volume’”’ of the 
specimen. From the above discussion it should be ex- 
pected that the size effect would be more pronounced in 
notched specimens than in unnotched specimens, and in- 
deed this is found to be the case. 

Any theory of the size effect must be able to account for 
such effects in ductile metals. W it is assumed that the 
defects are real cracks or blowholes it would seem that 
plastic flow would remove the stress concentration and, 
consequently, the size effects should disappear for ductile 
materials as was argued by Davidenkov.’ However, if 
the defects are sufficiently small such as slip bands then 
in the region of such a defect the flow would not be homo- 
geneous and although macroscopic deformation continues 
another slip band might not occur in the highly stressed 
region under consideration. If this were the case, ductile 
metals would also exhibit size effects. This concept is 
also necessary considering the fracture stress of ductile 
metals is only a small fraction of that calculated on the 
basis of the interatomic forces. 

At the present it is not clear how such a concept would 
be able to account for a decreasing size effect with in- 
creasing ductility of the material. Such is the case as 
shown by Docherty‘ in static notch bending tests on 
materials of various ductilities which indicate that for a 
sufficiently ductile material (Phosphor bronze) there is 
only a negligible effect of size for the conditions con- 
sidered. However, there is an additional factor to be con- 
sidered in ductile metals, namely, that a reorientation of 
the defects accompanies plastic flow. As pointed out by 
Hollomon,"* the reorientation of any defect during plastic 
straining is such as to reduce its severity. This situation, 
where each defect is less severe than otherwise, is 
equivalent to the situation where there is a smaller 
number of defects of any given size. This fact accounts 
teadily for the generally higher fracture stress of ductile 
metals, but the effect of the above alteration in the 
severity distribution on how pronounced the size effect is 
cannot be estimated at present. These relations should 
be calculable by the methods of Fisher and Hollomon."” 


Conclusions 


From a consideration of the authors’ data and results 
reported previously by other investigators, the following 
conclusions may be drawn regarding the effects of section 
size on steel: 


1. Section size, particularly when combined with the 
effects of other well-known embrittling factors, may be a 
severe embrittling factor itself. 

_ 2. Amn increase in the tested specimen size may result 
in a pronounced decrease in the unit properties of pre- 
sumably geometrically similar specimens. 

3. With an increase in section size, the metal proper- 
ties decrease at a continuously decreasing rate. 

4. The effects of section size as an embrittling factor 
can best be explained by a statistical theory that con- 
siders the metal volume to contain defects of various 
degrees of severity which determine the local properties. 
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Some Metallurgical Aspects of Carbon 
Steel Spot Welding 


By J. Heuschkelt 


1—Abstract 


Physical tests were made upon heat-treated and untreated spot- 
welded specimens to ascertain the influence of carbon content, 
thickness and initial properties upon the tension-shear and direct- 
tension strengths of spot welds in carbon steels up to '/2 ia. in 
thickness and up to 1.09% in carbon content. Quench rates were 
studied indirectly from hardness and metallographic data. 
Steels having compositions commonly classified as nonhardening 
were influenced significantly by the combination of quench and 
stress conditions involved. Upper carbon limits of from 0.10% for 
the thin and 0.25% for the thicker materials were found*to be most 
suitable for best performance in hot-rolled or preannealed materials 
when no subsequent heat treatment was involved. 

Spot welds in cold-rolled steel of a given composition, and thus 
having equal weld edge hardnesses, were stronger in tension shear 
and less strong in direct tension than those in the hot-rolled 
materials. Brittle failures found in the rapidly quenched thin, 
low-carbon, cold-rolled steel welds subjected to severe stress con- 
centrations were related to the localized application of the stress, 
combined with a lack of plasticity at the weld edge. Comparisons 
with performance results obtained from fusion-welding tests demon- 
strated that the same problems are common to both types of proc- 
esses, but to a somewhat different degree. 


2—Introduction 


HE spot-welding process has been widely used for 
many years in the commercial fabrication of car- 
bon steel products, yet no comprehensive report 

on the influence of steel compositions and properties 
upon the weld properties across the thickness range has 
been published for industrial use. Furthermore the mak- 
ing and physical testing of thousands of spot welds have 
not, by themselves, provided a satisfactory understand- 

* Scheduled for Twenty-Eighth Annual Meeting, A.W.S., Chicago, IIL, 


week of Oct. 19, 1947 
+ Westinghouse Research Laboratories, East Pittsburgh, Pa. 
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Fig. 1—Spot-Weld Thermal Circuits 


Fig. 2—Weld Midsection in '/,-In. Stock 


ing of the various phenomena involved in the application 
of this process. Closer correlations with established 
heat flow and metallurgical facts are required to provide 
such understanding. 

The steel spot weld (Figs. 1 and 2) consists of a central 
nugget of resolidified metal, which is surrounded in all 
3 dimensions by an enclosing shell of recrystallized metal. 
This surrounding shell has been heated above the critical 
temperature but not up to the melting temperature. 
At the circumference or periphery of the weld this shell 
acts as a restraining envelope for the inner nugget of 
molten metal and upon cooling is a solid phase or pres- 
sure weld, commonly referred to as a “corona.’’ It is in 
turn ordinarily completely encased, except for the air gap 
between the faying surfaces, within the confines of sub- 
critically heated and therefore metallurgically unaffected 
base metal. These conditions are shown in Figs. 3 and 4. 

For hot-rolled, annealed or normalized steel the metal 
must be heated above the critical temperature before 
changes in metallographic structure occur. The rate of 
quench, up to a certain critical rate which varies with 
composition, is a most important factor in determining 
the final characteristics and properties for each compo 
sition. Time at temperature and grain size exert their 
influence but are secondary in importance. 

Both cold-rolled and quenched metallographic struc- 
tures are materially affected by subcritical temperature 
treatments. Both materials can be softened, their 
strengths reduced and their ductilities increased by 
heating to subcritical temperatures, such as 1100" F. 
This treatment may materially influence the physical 
properties while having little or no effect upon the micro 
structure. 

For all initial conditions and compositions, when the 
material is heated above the upper critical temperature 
and then quenched in excess of the critical rate, the 
steel will be in its full hard condition and the magnitude 
of the hardness will be determined by the amount 0 
carbon present in that particular portion of the part. 

All of these phenomena are encountered in the spot 
welding of carbon steels. Accordingly it is not nat a 
that a rapidly quenched cast-steel spot weld made wit 
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Fig. 3—Typical Weld wea Showing Structure of Corona; 
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a fixed welding schedule may have widely different 
properties, depending upon the thickness, composition 
and temper of the steel. The primary objectives of the 
present investigation were therefore to: 


1. Provide data for use in the selection of steels for 
spot-welded applications wherein no subsequent 
heat treatments of any kind are employed. 

Provide data for determining when to begin the 
use of special controls and heat-treating tech- 
niques. 

3. Serve as a basis for conducting weld heat-treating 

studies. 

4. Correlate the properties of the weld edge zones to 

known metallographic phenomena. 


It was found that sheets thinner than 0.065 in. were 
subjected to quench rates in excess of those which pro- 
vide maximum possible hardness for the amount of car- 
bon contained in the steel. The imposed stress concen- 
tations commonly occur at the same point as that of 
maximum hardness, viz., at the periphery of the ingot. 
The sensitivity of the weld to these conditions and to 
changes in material characteristics was demonstrated by 
‘curing weld-strength data for both the as-welded and 
heat-treated conditions for both hot-rolled and cold- 
tolled materials. 

The optimum carbon contents were by this means 
‘ound to vary upward with thickness and to be different 
lor the 2 tempers investigated. The upper suitable 
position limits were determined for each thickness 
‘fom a consideration of the metallographic structure, 
— hardness, freedom from cracking, general ex- 
‘ellence of the as-welded physical properties and the 


ratio of the 1150° F. annealed to the as-welded tension- 
Shear Strengths. 


to 
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METALLURGICAL ASPECTS SPOT WELDING OF PLATES 


This paper essentially defines a series of commercial 
problems. Different users of the spot-welding process 
may prefer different solutions depending upon the appli- 
cation requirements, available equipment, production 
speed requirements and the availability of materials. 


3—Scope and Methods of Investigation 


Materials 


Carbon variations of from 0.008 up to 1.09% were 
obtained by the selective procurement of steels ranging 
from 0.015 up to 0.513 in. in thickness. Hot-rolled, an- 
nealed and cold-rolled materials in the form of sheet, 
plate and bar stock were used, depending upon avail- 
ability. All materials were commercially rolled. The 
steels were obtained from several sources. The thick- 
nesses, code markings, initial and surface conditions and 
the check analyses for the 41 items involved are listed 
in Table 1. 

The distribution of the thickness-carbon pattern was 
not as uniform as originally desired but, for practical 
purposes, the coverage is believed to be adequate for the 
drawing of workable conclusions. It was not convenient 
to obtain precontrolled analyses for the usual secondary 
elements. The items for the cold-rolled '/s-, 
and '/,-in. thicknesses were secured for recheck purposes 
on a second lot of this grade of steel. The 18X items in 
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Fig. 4—Sheet Surface Contacting Welding Electrode ('/;-In. 
Stock); 100 x 
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Table 1—Description of Materials 


Thick- Surface 
ness item Condi- Cond. —_Check Analysis (Percent) 
(Ins.) Mark tion (1) (2) P 
e015" 6 P -106 -036 --- --- 
0350" 1 P 05 -010 2022 
7 HR-A .280 .079 .040 --- 
18x CR CR «687 -Olz 2035 
538 HR-A BA 82 -70 2030 
4 HR-A BA 1.03 254 2025 19 
2 HR P -006 -004 -009 
li HR Pp 39 -016 2035 202 
Hk- P .256 .0x8 <--- 
18x CR CR «174 -Olz 2035 
3 HR-A BA 1.00 2060 
BA 1.00 254 27 
3 HR P 2056 2056 005 
9 HR- P .06 -016 -017 -00 
lx HR P elz +40 016 0357 202 
18 CR CR is -027 
CR Cr 2174 2035 076 
“9 Hr- P 20235 
76 HR-A P exi 
40 HR-A-" P 1.02 0 
-1é65" 12 FR P -050 
24 HR P eli 2009 
19X CR CK 46 2756 
8) Hh-A GB 1.00 -017 2030 
‘7 P 1.09 2022 
250" 4 HR P .037 .004 4025 
10 HR P 1a 238 2015 2040 02 
2s HR P 2050 ol 
io CR CR 17 ol 
CR CR 18 -016 O41 
14 HR P «<0 47 
“i HR-A GB -40 -009 2028 4 
cy CR -Oll 2054 029 
375" 5 HR P -Olz 05 -018 OL 
16 HR P -091 ol 
wz Hk GB 74 O15 16 
17 AR P 15 2017 .09 
CR CR e372 2053 
27 KR GB 253 ell 
Coce a hK = Hot roliea; CR = cold rolled; A = annealed 
2 : GB = Grit blasted; P = pickied; BA = bright annealed; 


“cold roliea 


the '/s:- and '/,.-in. thicknesses were obtained by machin- 
ing from parent '/s-in. material to secure hardness and 
metallographic data for identical stock acrosss_ this 
thickness range. 

By arranging the carbon-manganese and carbon-silicon 
contents in the graphical forms shown in Fig. 5 it is ap- 
parent that definite interrelationships exist for each of 
these combinations for the materials investigated. The 
specific interrelationships are probably associated with 
the history of this particular steel procurement problem 
and may not hold for all other users. It was impractical 
to purchase steel of uniform steps in carbon over the de- 
sired thickness range; therefore all materials were se- 
cured from warehouse stock, most of which was pur- 
chased to specific company specifications. 

The manganese content for the hot-rolled steels in- 
creased in a uniform manner with increases in carbon up 
to the medium carbon ranges, as shown in Fig. 5. Low 
manganese contents were furnished for the high- 
carbon steels. The cold-rolled steels were purchased to 
a 0.70 to 1.00% manganese specification. 

All of the medium- and higher-carbon steels were of 
the silicon-killed type. The very low- and low-carbon 
steels were made to rimmed practice. Some of the inter- 
mediate analyses (0.15 to 0.31% carbon) were silicon 
semikilled steels. 

The phosphorus and sulphur contents were never over 
0.040%, with one exception for each element (items 7 
and 39). 


Preparation for Welding 


All surfaces were cleaned prior to welding by pickling, 
grit blasting or as the normal result of the original cold- 
rolling or bright-annealing operations, as listed in Table 1. 


WELDING RESEARCH SUPPLEMENT 


The precleaning was done to eliminate the variables of 
oxide inclusions within the weld nugget and differences 
in cooling rates following the application of mulltileye! 


current magnitudes as used for the spot welding of scaly 
stock. 


Specimen Proportions 


Two-ply, single-weld specimens of conventional design 
were used as shown in Fig. 6. The specific dimensions 
for each material thickness were : 


A.WSS. 
Nominal Length of Standard 
Thickness, In. Width, In. Piece, In. Width!, In 
0.015 0.50 4 0.625 
0.030 0.75 4 1.0 
0.060 1.0 4 1.5 
0.125 1.5 6 2.0 
0.188 2.0 8 2.0 
0.250 2.5 10 3.0 
0.312 3.0 12 3.0 
0.375 3.5 12 
0.500 4.0 12 


The 90° cross type of direct-tension specimen was 
used for all thicknesses. The dimensions of the indi 
vidual parts for each thickness were the same for al! 
types of tests. 

Welding 


The general conditions used for spot welding the low 
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1 
ns 
BUTTON 
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pu rest- 
ven sica. 
INTERFACE 
after - Fig. 7—-Weld Fracture Types (Examples for '/,-In. Stock ('/, Size) 
low 
7 
‘ Mi: 50-kva. welder on '/s-in. and thinner stock 0.75 gal. of 
: ae pte 60° F. water was passed through the electrodes per 
minute. For the heavier materials 2.15 gpm. were used. 
| Fig. 6—Specimen Types (Examples for '/,-In. Stock) ('/; Size) _ Except for the ' /s-in. thick specimens the same welding a 
times were also maintained for each thickness, regardless Bie 
of composition or temper. This was done to assure, in Be 


carbon steels were those determined by a previous in- 
“| vestigation? except as noted. The specific conditions 
ire listed in Table 2. The heat energy input was, for 
each thickness group, just below that amount which 
4 would result in the expulsion of molten metal from the 
weld ingot. All specimens of any one thickness, regard- 


so far as possible, that any variations in the data ob- eee 
tained were those resulting from material characteristics. ee 
A single impulse of current application was used to avoid 
possible variations due to interpulsation cooling. A hold 
or cooling time equal to the welding time, but never less 
than 5 cycles, was used. Except for the welding of the 


less of composition or temper, were welded in the same cold-rolled '/9-in. thick plate (item 23, Table 1) only single- aa 
_) machine at one set-up period with the same electrodes, force schedules were used so that dissimilar contact heat- ist 


ooling media and transformer tap settings. For the ing and cooling conditions would be avoided. The higher- 


Table 2—Welding Data 


Thickness, In, W O15 0.030 0.060 0.125 0. 188 0.250 0.375 0 500 4 
All Compositions | 
Electrode diameters 
Contact ond 0.09 0.09 0.18 0.30 0.41 0.49 0.58 0.60 ry 
Body diameter (4° face 0.37 0.37 0.50 200 20 
Welder on 50 50) 1,200 1,200 1,200 1,200 ; 
Transformer tap 2 7 
Low-Carbon Steels 
Force, Ib. 130 995 550 1,500 2,700 3,700 6,000 9,600 
Heat control 40 48 45 “0 
Secondary volts 3.2 3.6 5.6 6.2 3.8 4.3 5.0 5.7 
Secondary amperes 200) 3500 7100 14,600 22,200 28,000 42,000 57,500 
eg ae 5 12 39 86 150 390 6.3 
Items (Table 1) 6 1,7 2,811 3,9,12,18,29 13,2419 4, 10,25, 20,14 5, 16,3217, 27, 60 
High-Carbon Steels 
ey Ib, 365 1130 1,500 4,000 4,350 3 
teat control 48 37 
Secondary volts 3.6 5.3 5.6 2.8 
—T20 Secondary amperes 3500 6500 12,700 23,200 
I cycles 5 12 60 86 
tems (Table 1) 38, 34 35, 39 36, 40 30, 37 31 
ns for 
OBER 1947 METALLURGICAL ASPECTS SPOT WELDING OF PLATES 563~s 
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Table 3—Results of Tests on Thinner Sheets 


aARD- DUCTILITY 
NE SHEAR TENSION RATIO 
Post- btand. Avg. 
Pre- weld Dev. Ratio Max. Ratio 
ness welé Treat- of Anntitd Load Anntitd (Avg. 
(Ins.) Mark Carodon Conc. ment Avg.) As Made (LB) As Made (Shear Ins,) 


0.90 157B 1.24 
147 


6 e106 None 
1150F 
1610F 
2950 eQ15 None 
1150F 
2060 None 
1150F 
1610F' 
None 
082 iF None 
11L50F 
1L420K 
1.92 None 
11L50F 


--- 632 
0.80 550 
0.75 
owe 485 
0.36 517 
Q.87 543 


2.03 
1.92 


2.00 


None 
1L50F 
None 
1150F 
i6loFr 
None 
1150F 
1610F 
None 
None 
L1L50F 
1420F _ 
None 


1105 B 110.50 
913 B 91.50 


carb 
some 
as li 


Table 4—Results of Tests on Medium Thickness locat 
were 
SPECIMEN DESCRIPTION SHEAR TENSION RATIO DIA, data 

Post- Eve. Stand. Ratio Avg. Ratio tensi 

Thick- Pre- weld Max. Dev. Mex. (firect ) for t 
ness weia Treat- Max. Load (% of ad Annti'a_ tdension! neale 


Rahb- TENS LUN DUCTILITY 


(Inse) Merk Carbon Cond. ment (LPH) (LB) Ave.) A As Made (Shear In. 
2056 HR None 199 5860 I 1 
1150F 137 5560 5 
14z0F 4720 _ I 
06 HR-A None 219 6590 B 
1150F 159 59<5 B 
14Z0F 103 5460 B 
elk HR None $19 6455 B 
1150F 7255 B 
sis 6540 B 
None 409 13065 I 
1150F 252 9110 I 6177 
138 7180 6593 
2174 None --- --- 
None 8185 B 2197 
1150F Koo 76<5 B $100 
1420F _._140 7080 I _ 5083 
None 907 6740 I 220 
1150F I 3220 
1420F 206 6500 I £680 
1.02 None 658 4650 I 720 --- 
1150F 639 10500 I o557 4.93 
L4-0F 16 7 7 4 
None 415z0 I 8520 
1150F 176 9980 
HR None 15560 I 
199 15220 B 
421 20600 
eel 16810 
442 18170 I 
772 9870 I 
17710 B 
953 5610 I 
11L50F 356 12910 I 


secti 


0.99 5 Posts 


1.09 weld 
1.10 5 atter 
--- omitt 
1.03 94 i mens 
0.20 
3.61 
3.39 


5203 
4847 
4707 
5160 
5176 
6612 
6840 


09% 
225 


off eo fe @ 


len 


1.41 
1.40 


14.63 
12,18 


2 


2.41 


3.67 


WELDING RESEARCH SUPPLEMENT 
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| 
Thi 
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(In 
09 
729 --- 287 015 
175 586 0.84 290 015 
478 =-- = = --- 
£69 g 91 8.20 46 
894 405 +04 el? = 
420F L95 724 22.65 7 
2 HR 253 2190 --- 024 
14 
11 2054 HK ‘See £610 --- +90 
.194 2020 0.91 93 = 
8 2058 HK-A £47 2030 “36 
197 1740 0.93 
65 1.00 870 667 I 8.8 --- <0 I --- 203 024 
279 1733 B 3.4 <.60 770 B 38.50 244 
O72 A 2 2 2A 25 A os — 
39 1.00 Hn-A 960 960 I 10.1 10 I --- 
11508 
1420F 
7 
U 
= 
AM 
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: Table 5—Results of Tests on Thicker Materials 
HARD- TENSLON DIRECT DUCTILITY WELD 
DESCKIPTION NESS SHEAR TENSION RATIO DI Ae 
Post- Avge Stand. Ratio Avg. Ratio- 
 thick- Pre- weld Max. Dev. Max. (Direct 
weld Treat- Max. Load (% of Load (Avge. 
+) (Ins-) Mark Carbon Cond. ment (OPH) (LB) Avg.) As Made (LB) As Made (Shear ) In.) 
Hk None 149 13390 I ---- 12500 B -94 
21590 119 3 SSE 5 
10 old HR None 274 24140 I Sed 8040 I 
5 1150 186 21820 I 6.6 0.91 145 
<5 HR None 254 23440 I ---- 10560 I 245 86 
5 1150 188 £21810 B 1.3 0.93 12900 1.22 259 286 
5 1150 £206 21440 223 0.81 15200 B 271 285 
2 20x sJS_ None 28540 7100 225~ 286 
= 14 HK None 514 22555 I 9.0 ---- ---- 
7 1150 192. 21540 122 0.96 15070 B 2h. 283 
-40 HR None 637 193601 4.5 6500 I 
7 1150 242 27760 1:2. 1.43 6760 B 2205 224 284 
2188 CK None 289 ---- 226 
7 HR None 126 I 6.2 ---- 16680 B -70 +115 
1159 103 25400 I 7.7 0.88 __ 2216 
1150 155 £9550 6.3 1,16 
32 247 HR None 360 40180I 11.1 ---- 12970T 
1150 J_5,.5 _1,04 1.14 
00 HK None 207 51920 I 14.3 ---- 33900 -65 1.329 
1150 46750 I 726 0.90 12359 
1150 17) 52180 J. 8,5 0.92 32950 J 1.08 265 1.40 
23 Ck None 240 74300 --- ---- 26000 1.50 
— 55 298 HR None 417 72760 E 18.2 ---- <3600 C 055 1.28 
cA 1150 292 74375 E 3.1 1.02 1.30 
deed carbon steels were welded with somewhat higher forces, welding by heating for 30 min. at temperature in an % 
_ sometimes with lower currents, to avoid weld expulsion, atmosphere of ‘“‘Ammogas,” to prevent weld edge de- 
— as listed in Table 2. All specimens were jig-centered carburization, and were then furnace cooled to room gS: 
= between the electrodes to assure that the welds would be temperature. 4 
located in the center of the specimen. Forty-five welds The present report does not include in-the-machine ; 
ba were made for each material item to provide sufficient heat treatments. Other investigators*-* have demon- 
OLA. data for tension-shear (5), direct tension (3), torsion (3), strated advantages to be gained from the use of quench- a 
me tension-impact (3), and hardness-micrographic (1) studies and-temper techniques on higher carbon and alloy steels. a 
for the as-welded, 1150° F. annealed and the fully an- Test Proced bs 
Lives nealed conditions except as described in the following ee 
cd. section. Diamond pyramid hardness surveys (Vickers, 10-kg. 
load, objective) were made across one polished weld 
midsection of each material-treatment series. Multiple 
i One third of the prepared specimens were tested as- rows of readings spaced 0.03 in. apart with the indenta- i 
48 welded, one third after an 1150° F. anneal and one third _ tions spaced 0.025 in. apart in the row were taken for the e 
.48 ater a full anneal, except that the latter treatment was initial studies on sections across cold-rolled steel welds. ee. 
48 omitted for thicknesses over '/gin. The pertinent speci- Only one such row, located 0.03 in. from the interface | 
= mens were treated within a 48- to 96-hr. period after edge, was used on the final phases of the work. ‘ 
COOLED COPPER - ALLOY ELECTRODE 
241 UNAFFECTED. SHEET 230-2 / | UNAFFECTED SH 
245 210-230 | F (A) | | ii | 
SCALE OF ACTUAL DISTANCES IN INCHES 
o ANALYSIS: C .174, Mn.687, P.0O12, S .033, Si .076% a 
TENSILE PROPERTIES: Y.P = 89750 psi, U.T.S. = 90750psi 
HATCHING CODE 
160-190 90-210 210-230 230-250 250-300 300-350 350-400 OVER 400 
57 fig. 8—Hardness and Quench Rate Nonuniformities in Cold-Rolled 0.17% Carbon Steel Spot Weld ('/,-In. 
——— Stock)—Reduced 30% in Reproduction 
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WATER COOLED COPPER -ALLOY ELECTRODE 


oO 
PLATE ae | « 
F ATE 
SCALE OF ACTUAL DISTANCES IN INCHES Zz 
ANALYSIS: C .I80, Mn .802, P .016, S.031, Si .018 % 
TENSILE STRENGTH: 90,100 psi z 
HATCHING CODE 
160 -190 90-210 210-230 230-250 250-300 300-350 350-400 OVER 400 2 
Fig. 9—Hardness and Quench Rate prereset ee 0.18% Carbon Steel Spot Weld ('/,-In. 
toc 
Micrographic studies were made on representative inthe upper view of Figure 7, could occur only under the 
welds. Special and typical observations were photo- tension-shear condition. 
graphically recorded. All physical tests being reported were made within a 
Standard AMERICAN WELDING SOcIgTy tension-shear _ time interval of 48 to 96 hr. after completion of the weld 
and cross-type direct-tension tests, as shown in Fig. 6, ing or heat-treating operations. - 
were made in the regular manner’ at room temperature 
(from 70 to 80° F.). The ends of the cross specimens Fig. 
were securely bolted to the test jig to assure a fixed end 4—Results of Tests 
condition for all thicknesses. Ultimate load, weld di- 
ameter and type of failure were recorded for each speci- The average results of the tension-shear and direct ' 
men. Examples of failure types are shown in Fig. 7. tension tests and the maximum hardness values obtained sion. 
Failures were classified as being of the button type (B) for the various conditions are listed in Tables 3, 4 and 5 tests 
when a slug was pulled from one part; of the interface The consistency of the shear strengths calculated by 
type (I) when failure occurred between the faying sur- accepted statistical methods, the ratios of the annealed 
faces; of the cone type (C) when a partial slug was to the as-made strengths, and the calculated values o/ 
pulled out of one piece; and of the weld edge type (E) the “ductility ratio,’’ i.e., the ratio of the direct-tension 
when failure originated at the weld edge and progressed to the tension-shear strengths, are also given in these On 
across the test piece. The first three failure types may tables. More detailed observations and correlations 0! — ‘ 
occur for either the direct-tension or the tension shear the data with material thicknesses and compositions for very | 
type of loading. The weld edge failure type, as shown the different tempers are given in the following discus Be. 
) 
the d 
WATER COOLED COPPER- ALLOY ELECTRODE on 
j Radia 
The d 
UNAFFECTED 00 250 D} UNAFFECTED ‘| 
- 25 PLATE not 
E E cant 
210-230 the ax 
250 90 should 
= tion 
| | D — 
The 
SOFTENED = x4 Welds 
ZONE r T T T T T T T T T T tT T T T Mi T T T T ' 0.17 | 
SCALE OF ACTUAL DISTANCES IN INCHES either 
ANALYSIS: C .222, Mn 872, P Oll, S .033, Si -045°% softens 
TENSILE PROPERTIES: Y.P. 77, 750psi, U.T.S. = 90,500psi Mater} 
HATCHING CODE | 
160 - 190 90-210 210-230 230-250 250-300 300-350 350-400 
Fig. 10—Hardness and Quench Rate Nonuniformities in Cold-Rolled 0.22% Carbon Steel Spot Weld ('/--In. Har 
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Fig. 11—Hardness Traverse Across Spot Weld in 0.06-In. x 
0.174% Carbon Steel, Cold-Rolled, As-Welded 


sion. Results of the torsion and direct-tension impact 
tests are not included in the present report. 


5—Quench Rate Nonuniformities 


One of the striking features of the data shown in Tables 
} to 5 is the magnitude of the hardness for the low- and 
very low-carbon steels in the thinner specimens. 

From a consideration of the possible thermal circuits 
involved in the cooling of a spot weld it is apparent that 
the developed heat may be conducted away from the 
weld nugget in 3 main parallel, or additive, series cir- 
cuits. An idealized thermal diagram is shown in Fig. 1. 
Radiation into the surrounding atmosphere is neglected. 
the diagram in Fig. 1 suggests that the periphery of the 
weld may be a region subjected to a high quench rate 
under certain circumstances depending upon whether or 
lot sufficient prequench time was available for signifi- 
cant heat flow into the surrounding metal. In all cases 
the axes of the crystallization pattern of the weld ingot 
should be parallel to the line of heat flow. This condi- 
lon exists, as shown in Fig. 2, for a section through a 
‘pot-weld nugget in '/s-in. thick steel. 

_ The variations in the effects of the quench rates were 
ust studied by making multiple hardness traverses on 
Welds in cold-rolled steels containing sufficient carbon 

X17 to 0.25%) to cause pronounced hardening when 
rapidly quenched; whereas when slowly cooled from 
‘ither above or slightly below the critical temperature a 
“ltened zone would be obtained This preselection of 
Materials provided a convenient contrast for differen- 
‘ating between the slowly and rapidly cooled zones. 
Typical results of such traverses, wherein points of equal 
‘ardness have been connected in the form of contour 
“Ms, are shown in Figs. 8 to 10, inclusive. 

Hardness Studies for the '/s-in. thick material spot 
Weld in Fig. 2 are shown in Fig. 8. The steel involved, 


containing 0.17% carbon (item 18X) shows no softening 
in the surrounding cold-rolled metal, but instead reveals 
the presence of a high hardness cylindrical volume, ex- 
ceeding 400 DPH, enveloping the nugget. The high 
magnitude interface hardness at the weld edge did not 
extend to the outer surface of the steel. The softest 
zone in the center of the nugget and the region containing 
the ingot porosity are identical in location. 

A similar study for '/,-in. thick 0.18 carbon stock 
(item 20X) is shown in Fig. 9. The point of maximum 
hardness occurred on the diagonal of the ingot. If the 
heat abstraction into the surrounding material and im. 
pressing electrodes are vectorally additive, a zone of 
maximum rate of temperature change could be expecte:! 
on this diagonal. A similar phenomenon was detected 
for other thicknesses. 

For '/,-in. plate (item 23) containing 0.22% carbon, 
the metal surrounding the weld nugget, which was sub 
jected to the heating effect of the applied current for 1°} 
sec., cooled at a relatively slow rate. A softer circular 
doughnut-shaped ring of heat-affected metal surrounds 
the weld as a consequence of this condition as shown in 
Fig. 10. This weld time period was sufficiently long to 
permit considerable dissipation of heat into the surround- 
ing plate. The reduction in temperature differential 
between the weld nugget and the plate, coupled with the 
greater distance of the weld interfaces from the water- 
cooled electrodes and the relatively large mass of heated 
metal in and around the weld, caused a lowered quench 
rate. The only hardened zones were near the surfaces 
adjacent to the electrodes. The metal in that region 
was heated to some temperature above the critical and 
was then rapidly cooled as the result of the proximity of 
the water-cooled high-thermal conductivity electrodes. 
This particular weld was made with a double force sys- 
tem, which is conducive to the attainment of higher sur- 
face temperatures when the welding force is too low. 

For the identical 0.179, carbon steel used in Fig. §, 
the maximum hardness for spot welds in !/\.- and '/z-in. 
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Fig. 12—-Hardness Traverse Across Spot Welds in 0.03-In. 
Carbon Steel and Ingot Iron, As-Welded 
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thicknesses approaches but does not quite reach 500 as 
shown in Figs. 1l and 12. Corresponding data for lower- 
carbon materials are also shown in Fig. 12. A hardness 
traverse for spot-welded 0.030-in. thick 0.82% carbon 
steel is shown in Fig. 13. The difference between the 
maximum hardness of the weld nugget (932 DPH) and 
of the unaffected preannealed base metal (164) for the 
0.82% carbon steel (Fig. 13) is about as great as can be 
achieved, and the graph is particularly striking for that 
reason. The maximum hardness is unaffected by pre- 
welding temper and thus for cold-rolled or prequenched 
and tempered steels of the same carbon content the dif- 
ferential between the unaffected and the maximum hard- 
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Fig. 13—Vickers Hardness Traverse Across Spot Weld in 0.03- 
In. x 0.82% Carbon Steel, As-Welded 


ness would be less than that obtained from the use of 
preannealed stock. 

A plot of the relationship between the maximum hard- 
ness obtained for spot welds in 0.030-in. thick stock, as 
in Figs. 12 and 13, and their carbon contents, provides 
the upper curve in Fig. 14, which, it is instructive to note, 
is about the same as that of the maximum obtainable 
hardness for quenched martensite according to data pub- 
lished by Dr. Bain.? The maximum possible difference 
in hardness between the air-cooled condition and the 
quenched-martensite conditions, according to Bain, is as 
shown in Fig. 15. For the 0.82% carbon steel spot weld 
in Fig. 13 the hardness differential between the annealed 
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Fig. 14—Analyses Maximum Hardness and Material Thickness 
Interrelationships 


sheet and the weld peak is 768 points, DPH. This 
corresponds well with the 730 difference shown in Fig 
15, which is based upon air-cooled steels. Both the high- 
carbon and the low-carbon steel spot welds show the 
attainment of hardness differentials equal to the possible 
maximum. Another way of stating this is that for the 
0.030-in. thick sheet under consideration, with the spot 
welding techniques employed, the quench rates exceeded 
the critical values, i.e., these rates were such that the nose 
of the S-curve was passed without intersection. That 
this condition was obtained only for the thinner sheets is 
also indicated by Fig. 14 which reveals that thicknesses 
of '/s in. and more were less hard than the possible maxi- 
mum. 

The curves obtained by plotting peak hardness num- 
bers against material thickness for the different carbon 
contents are shown in Fig. 16 for all of the compositions 
tested. The Jominy type curve for each carbon content 
will be recognized. By means of these curves the thick 
ness-composition conditions under which the critical 
quench rates were exceeded throughout the thickness ol 
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Fig. 15—Maximum Difference in Hardness for Quenched and 
Air-Cooled Condition (from Data of Bain) 
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the material, with the welding conditions employed, are 
fairly clearly defined. The higher-carbon steels hard- 
ened for a greater depth (thickness) than was the case 
for the lower-carbon steels as expected from known metal- 
lurgical data. 

From the detail hardness data it is apparent that the 
weld edge is quenched at the highest rate for most of the 
common thickness range. The center of the larger nug- 
gets contained the regions of minimum hardness and 
maximum porosity, indicating that this portion of the 
ingot solidifies last and cools less rapidly than the edges 
as the heat abstracting effect of both the surrounding 
steel and the electrodes becomes less efficient. 
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Fig. 16—Material Thickness, Composition and Maximum 
Hardness Relations 
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Carbon Steel Spot Welds; 


Fig. 18—Microcracks in Weld Ingot (0.06-In. x 0.174% Car- 
bon Steel); 750 x 


Fig. 19—Location of Exterior Surface Cracks (1.02% Carbon 
Steel '/;-In. Thick). (Above) Crack Detail; 75 x. (Below) 
Spot-Weld Section; 8 x 
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6—Cracking and Microstructure the medium and higher-carbon steel spot welds for th. BF 
thinner materials. A typical location of interface cracks J : 
An examination of the weld factures commonly re- starting from the corner of the normal notch at the wel; emf 
vealed the presence of peripheral cracks, particularly in edge, is shown in Fig. 17. In all cases, for the welds de 
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employed, the cracks were formed upon cooling and were The cracking is also related 


scribed wherein no in-the-machine heat treatment was within the volumes of most rapidly quenched metal. 


to the volumetric changes 


‘ therefore also expectedly present in the furnace heat- which occur upon transformation and the superimposed 
de ‘ treated specimens. These peripheral weld cracks were cooling stresses. The elimination of the possibilities for 
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Fig. 22—Relations Between Processes, Design and Joint 
Brittleness 


the formation of quench cracks is obviously one of the 2 
major functions of special in-the-machine heat treat- 
ments. 

The periphery of the 0.06-in x 0.17% carbon steel 
weld, for which the hardness traverse was shown in Fig. 
11, contained no macrocracking. The martensitic 
structure and the presence of microcracks are shown for 
this weld in Fig. 18. An original magnification of 1500 
diameters was used for revealing these structures. The 
voids can be definitely described as cracks, and not as 
inclusions, from their transcrystalline nature, which was 
very conspicuous on the original photographs. 

In certain exceptions the enclosing shell of recrystal- 
lized metal assumed the form depicted by Fig. 19. For 
this condition again the metal near the outer surface, 
under and in contact with the welding electrodes, was 
not heated up to the critical temperature, but the volume 
immediately surrounding the electrodes and in contact 
with the surrounding atmosphere has been heated above 
the critical. For the higher-carbon steels the differen- 
tial cooling and transformation stresses in this zone were 
of sufficient magnitude, when coupled with the low duc- 
tility of the quenched metal, to cause the peripheral 
cracking in the protruding “‘horns.’’ These particular 
welds were made with 60 cycles of welding time (Table 2), 
while maintaining the same force as used for the lower- 
carbon steels. For the '/s- and */ .-in. thicknesses, this 
type of surface cracking was found only in connection 
with carbon contents of 0.90% and over whereas per- 
ipheral interface cracks were found for all compositions 
of 0.30% carbon content and more. 

The shape and structures of the peripheral zones and 
of the material adjacent to the welding electrodes for 
the welds in the '/s-in. thicknesses for various heat treat- 
ments are shown in Figs. 3 and 20. In Fig. 20 the left- 
hand portion of each individual photograph is metal 
merging into the unaffected steel immediately in contact 
with the chilling electrodes as detailed in Fig. 4 while the 
extreme right is metal from the resolidified weld ingot. 
Structures wholly within the weld nuggets are shown in 
Fig. 21. The grain size of the typically columnar struc- 
ture of the as-made welds gradually increased with in- 
creases in carbon content as shown in the left column of 
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photographs, Fig. 21. The 1150° F. treatment did little 
or nothing toward altering this structure although it 
will be shown that the hardness and strengths were both 
drastically altered by this treatment. The 1420° p 
treatment had little effect on the low-carbon steel ingot 
structure, partially altered the grains of the medium. 
carbon steels and completely refined the grain for the 
high-carbon steel ingots. The 1700° F. treatment re. 
fined the ingot structure for all compositions and pro. 
duced an ingot grain size much smaller than that of the 
heat-affected metal, as shown in Fig. 20. 


7—Stress Concentrations from Loading Coaditions 


Having established that the quench for the thinner, and 
more commonly spot-welded, sheet thicknesses was in 
excess of the critical rate for all compositions (Fig. 16) 
and that the higher-carbon steels commonly contained 
cracks at the weld periphery, the standard physical tests 
were made to determine how the mechanical character. 
istics of the welds varied with carbon content, temper 
and thickness. The approximate manner of loading in- 
volved is shown in Fig. 22 by sketches B and C. For 
multiple rows of welds, condition A, which is generally 
recommended for production use, the tilting angle is a 
minimum for a given material strength. The stress 
applied to the weld ingot becomes, in that instance, more 
nearly that of true shear although stress concentrations 
will be present at the weld edges. For condition B, as 
ordinarily used for test purposes, considerable tilting of 
the members occurs prior to failure, particularly in the 
softer metals, provided the weld and the surrounding 
metal have adequate strength and ductility to withstand 
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Fig. 23—Obtained Relations Between Carbon Content, Shear 


Strength and Material Thickness (Plain Carbon Steel, Hot- 
Rolled) 
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this deformation, A tensile component of substantial 
magnitude is thus applied to the weld periphery, gener- 
ally at the exact location of maximum hardness, as was 
shown in the preceding section. The tilting angle is re- 
duced for the elastically and plastically stronger cold- 
rolled steels and consequently under tension-shear load- 
ing the direct tensile component is also reduced for that 
grade of material. hele 

When the weld is loaded in direct tension, as in condi- 
tion C, the interfaces of the members are actually sub- 
jected to superimposed concentrated bending stresses 
parallel to the surface of the member, and a complex con- 
centrated principal stress of high order is thus applied to 
the interface periphery of the weld ingot. When the ends 
of the cross members are tightly clamped to the test jigs 
the loading conditions are approximately those of a fixed 
ended beam. The bending moments at the weld edge 
are about one-half that which occurs when the ends are 
free and the loading conditions are those of a simply sup- 
ported beam. This is a factor to be considered in the 
application of the data since a weld loaded in bending 
from one side only, as could occur in a structure under 
certain design conditions, could not be expected to de- 
velop the same maximum loads as reported herein where 
the strengths were obtained by loading both sides of the 
weld diameter. 

Similar conditions occur in varying degrees of magni- 
tude with the various welding processes, depending upon 
the specific joint or structural design involved, as indi- 
cated by Fig. 22. 
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Fig. 25—Derived Location of Equal Tension-Shear Strengths 
(Preannealed or Hot-Rolled Stock) 


8—lInfluence of Composition 


The results listed in Tables 3, 4 and 5, demonstrated 
that low-carbon steel welds as made, i.e., without any 
form of heat treatment, are stronger than the high-car- 
bon steel welds for both types of loading because they 
were neither cracked nor brittle. As the carbon content 
is increased from very low values the tension-shear 
strength for a given material thickness gradually in- 
creases, as illustrated in Fig. 23 for the as-welded condi- 
tion. All points in that figure are actual test values, 
each point being the average of 5 specimens. Above a 
certain amount, the magnitude of which varies with the 
material thickness, further additions of carbon tend to in- 
crease the brittleness to such an extent that, under the 
stress conditions involved in the testing of even a single 
spot weld, the net strength is reduced. This is the con- 
sequence of the inability of the heat-affected and weld 
edge zones to withstand the accompanying deformation. 
This relationship was present for all thicknesses of hot- 
rolled or preannealed stock. The presence of edge 
cracks in the higher-carbon steels further accelerates the 
downward strength trend. 

When cross curves were plotted from the data in Fig. 
23 for each percentage point increment of carbon con- 
tent, as illustrated in Fig. 24 for 0.15 and 0.50% carbon, 
it was found that the tension-shear strength always varied 
approximately in a parabolical relationship with respect 
to material thickness. There is a tendency for the lower- 
carbon, lower-hardness, steel welds to be less strong than 
the higher-carbon steel welds in the greater thicknesses 


, while the reverse relationship exists for the thinner sheets 


where the high-carbon steel welds are extremely brittle. 
By picking off the strength from such cross curves for 
each thickness-analyses combination it was possible to 
construct the families of curves shown in Fig. 25. 

These curves are the loci of equal weld strengths across 
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Fig. 26—Obtained Relation Between Carbon Content, Direct 
Tension Strength and Material Thickness (Preannealed or 
Hot-Rolled Condition) 


the material thickness-carbon range for hot-rolled and 
preannealed materials. The most important feature of 
this presentation is that by connecting the points of de- 
pressions it is also possible to define the loci of the carbon- 
thickness combination which will provide a required 
minimum tension-shear weld strength with a minimum 
cost for material and welding operations. The minimum 
weld cost follows from the fact that thinner materials 
can be welded with lighter equipment, less current and 
less time than is required for thicker materials. The 
actual test data are reimposed upon the graph to dem- 
onstrate that there is not a single instance of noncon- 
formity across the entire field. 

The average calculated consistency, or standard de- 
viation, data for the tension shear tests in Tables 3, 4 and 
5 may be summarized as follows for all thicknesses, tem- 
pers and analyses: 


Average Calculated Standard Deviations 
(Per Cent of Average) 


Carbon Less than 
Recommended Max. 
5.2 (23 items) 
4.3 (22 items) 
4.3 (Llitems) 


Weld 
Condition 


As-made 
1150° F. anneal 
Full anneal 


Carbon More than 
Recommended Max. 
9.0 (13 items) 
4.2 (12 items) 
5.2 ( 7items) 


In general, the welds were more consistent within each 
carbon content group for the thinner sheets than for the 
thicker materials. Also the low-carbon steel welds were 
more consistent than those made in the higher-carbon 
steels. The use of a post-welding furnace. treatment 
improved the consistency slightly for the lower-carbon 
steel welds and more substantially for the higher-carbon 
steel welds, even though the second group contained 
cracks. These excellent group consistencies were ob- 
tained for each composition while, as shown in Fig. 23, 
variations of more than 50% were being obtained for each 
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material thickness as the carbon was increased from 4 
minimum to the optimum amount while using the sam 
welding setup. This is an important factor to be cop. 
sidered when attempting to evaluate the consistency of 4 
series of welds without knowledge of the uniformity oj 
the materials being welded. ; 

It is an elementary fact that steel strength, for a given 
treatment, increases in tensile strength with increases jy 
carbon content. It was shown in Fig. 23 that the spot- 
weld tension-shear strength first increased and then de 
creased in strength with increases in carbon content. [; 
the ultimate strength of the steels involved be roughly 
estimated from their prewelded hardnesses, as was dor 
in Table 6, and the width of strip for which the weld iy 
tension-shear will develop the full tensile strength tx 
determined by calculation, as shown, it is apparent that 
while in the thinner low-carbon steels the weld will de 
velop the full strength of a strip of several weld diameters, 
such a strip width for the high-carbon steel welds would 
be less than one diameter. This is simply another way oj 
illustrating the economies of spot-welding material selec 
tion. The full strength of the higher-carbon steel sheets 
cannot be secured without the use of special techniques 
or the employment of many more welds or both. More 
accurate prewelded material strength data were not re 
quired to illustrate this point. 

The direct-tension data were analyzed in about the 
same manner as the tension-shear data. The strengths 
obtained for the as-welded condition in each thickness 
are plotted against carbon content in Fig. 26. The 
strongest welds for a given thickness were obtained for 
the lowest-carbon steels. Very low strengths were ob- 
tained for the high-carbon steel welds, in fact for the 
thicknesses one-sixteenth and less it was necessary t 
handle the specimens with considerable care to avoid 
failure prior to application of the tension load. The cross 
curves of strength derived from Fig. 26 by plotting thick- 
ness against strength for a given carbon content are 
shown in Fig. 27. For this type of loading the individual! 
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4 weld strength also increases with increased material thick- =~ po 
na ness for a given carbon content. Progressively decreas- =|, 
me ing strengths are obtained for a given thickness as the 9/5" mcnness 
on- carbon content is increased. The derived curves of ew 8=.03 
ofa FP equal tensile strength plotted on a graph of material 1-3 0=.06 | 
thickness vs. carbon content variations are shown in 2 Bol a 

Fig. 28. The actual test points are again superimposed o\< | ele bs 

ven upon the derived curves. Almost all of the points fall 2|z +=.38 
$i within the designated lines of equal strength. = — | g =.50 
pot- The ratio of the direct-tension strength to that of the |g 60 a wee —— 
de tension-shear strength of the same series of welds is rd THICK | Ee 

li commonly used as a criterion of spot-weld ductility. EI js -; THICK AND LESS BS 
thly These ratios were accordingly provided in Tables 3, 4 and rr a 
lone 5 for each individual condition under the heading of ee * 
d in “Ductility Ratio.” It was shown that the tension-shear 2 i: 
1 be strength first increased and then decreased with in- - aay 
hat creases in carbon content (Fig. 23) while the direct-ten- > 20 7 
- de sion strength continually decreased with increases in = 
ters, carbon (Fig. 26). The ratio of the direct-tension to the F : 
ould tension-shear strength thus obviously tends to decrease Ss 
Ly of very rapidly for the first incremental additions of carbon 2 e 30 70 $0 So OO 
elec CARBON CONTENT (PERCENT) 
ce DIRECT TENSION STRENGTH (1000 LBS.) Fig. 29—Influence of Carbon Content Upon Ductility Ratio 
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lore 
t re .50 
+ tae lesser weld edge hardnesses higher ductility ratios are 
/ ths obtained. (The variations in hardness shown for a given 3 
cress ~ 40 thickness are actually the result of carbon variations.) uae 
The w (6) For a given hardness at the weld edge the thicker s 
if r more rigid specimens have lesser abilities to withstand ae 
4 deformation, probably at least partially because of higher 
the — +—— ‘point stress concentrations. (A thin member cannot 
te a develop as high a differential bending stress with the 
swoid 2 low order of deflection involved.) : 
cross 5 | (c) For a given hardness at the weld edge the elastic- 5 
hick- ie ally and plastically stronger steels have lesser abilities 
1.7 — 
t are 4 1 al to withstand deformation, when loaded under the notched 
idual < ees | 002 conditions of the direct tension test, and 
. Fe tas (d) Weld edge hardness alone cannot be used as a sole 
< f criterion of weld performance. For a known composi- 
RECOMMENDED tion, however, hardness is a useful tool for providing 
ong MAXIMUM 0005 Oe02 some understanding with respect to the thermal history ay 
CENT) ad CARBON | | i of the weld and of the surrounding metal. si 
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Fig. 28—Derived Location of Equal Direct-Tension Strengths f 
C (Preannealed or Hot-Rolled Stock) FIZ 
1.00 
2 
” and then the reductions in the magnitude of the ratio be- rig \ 
come more gradual. For the higher-carbon, more brittle z/? 
50 spot welds this ratio is in fact the relationship between < MOT ROLLED 
the lowered strengths of the welds for both conditions PRE ANNEALED 
and the ratio becomes more nearly a measure of sensi- = | § y (LESS THAN 7° ) 
uvity to stress components than to metal ductility. The ra S 60 (+ AND OVER ) 
btained ratios plotted against carbon content, are shown re 4 +\ THICKNESS (INS.) 
in Fig. 29 for all thicknesses of hot-rolled steel. For the z 2 ° = .03 = 
/ein, thicknesses, and less, all points lie approximately 
on the same curve. For a given carbon content higher o 40 —+o=.19 4 te 
values of the ratio were obtained for the thicknesses over & . = aoe 
except for the very low-carbon steels. a 3 ‘A j= 50 
The same ratios are plotted in Fig. 30 against maxi- > 3 es a os 
lum obtained hardness. Again, as in Fig. 29, the ratios 5 20 colo 
‘rom the thicker members do not follow the same rela- F ROLLED 3 ; 
uonship as obtained from the thinner specimens. The 8 
obtained values are less for a given peripheral hardness, o 
but not as low as was obtained from as-welded cold- fe) 200 400 600 800 1000 
— stock. The data, plotted in this manner, are be- MAXIMUM DIAMOND POINT HARDNESS NUMBER a 
eved to illustrate 4 principles: (ON INTERFACE) Ag 
ension (a) In general, the higher the hardness at the weld Fig. 30—Relation Between Maximum Hardness and Ductility | 
r Hot- edge the lower will be the ductility. Conversely, for Ratio a 
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Fig. 31—Relationships Between Analyses and Thickness of 
Materials and Ductility of Spot Welds for Hot-Rolled Steel 


Allowing somewhat for minor discrepancies in the data 
the over-all indication is, as shown in Fig. 31, that by 
accepting a ductility ratio of 50% as a suitable lower 
limit for a ductile weld classification the upper limit for 
carbon which will provide such a value in the ‘‘as-welded”’ 
condition can be ‘defined as being, for hot-rolled or pre- 
annealed materials: 


Cmax = 0.10 + 0.32 (1) 
where 


C = carbon content, % 
t = single thicknesses of material, in. 


If a lower ductility ratio of 40% could be accepted the 
upper-carbon content may be described as 


Cans = 0.10 + 0.62 (2) 


The location of these upper limits with respect to the 
shear and direct tension strengths were shown on the 
families of curves in Figs. 23, 25 and 26. The use of the 
upper analyses-thickness relationship in Equation 1 for 
hot-rolled or preannealed steel can be recommended 
without qualification. The use of the limit in Equation 
2 places the upper composition level welds close to the 
danger zones of cracking, excessive hardness, increasing 
brittleness and decreasing strength. Considering the 
opposing tendencies of carbon upon the strengths of the 
welds loaded in the 2 directions it is probable that the 
use of the upper limit permitted by Equation | may also 
be the most suitable practical composition, since it is 
close to the most economical one for welds loaded in 
shear, as they should usually be loaded. 

By such selection and control of carbon contents the 
same weld strength can be obtained from thinner sheets, 
which are more economically welded than thicker sheets. 
Since total weld strength and not the total strength of the 
unwelded section is generally the important structural 
factor, once sufficient rigidity has been assured, the in- 
telligent use of optimum compositions is believed to be 
an important engineering matter. 

The use of a 0.10% maximum carbon content for the 
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thin sheets may appear to be a serious welding restriction 
to fabricators familiar only with the structural steels. 
Actually this is not the case. A recent survey of stee] 
manufacturing practices has shown that while applicable 
specifications permit up to and including 0.15% carbon 
almost all thin sheet tonnage is being furnished to 4 
0.10% maximum carbon content for production reasons 
whether the materials are to be used for spot welding or 
not; except for such specialties as spring steels. 

The preceding conclusions with respect to suitable 
compositions were reached without regard to type of weld 
failure. Only measurable numerical values were em- 
ployed. Actually for the tension-shear type of loading 
the failures for the thinner low-carbon hot-rolled and 
preannealed steel welds were all of the button type 
whereas for the high carbon and the thicker member 
welds the failures were usually of the shearing or inter. 
face type, as shown in Fig. 7. This transition is partially 
the result of using a slightly lower weld diameter to sheet 
thickness ratio for the thicker plate and partially due to 
the lesser hardening of the weld in the thicker stock. 
The declining tension-shear strength failures, as the result 
of increased carbon content, were of the interface type 
with the direct tension component apparently respon- 
sible for the earlier failures. For the high-carbon welds 
in the '/,-in. plate the failure occurred across the plate 
originating from the weld edge. These failures were of 
the rapidly propagating type and there was some evi- 
dence of the “V” or chevron type fracture formation 
leading away from the origin of failure at the weld edge. 
The direct tension fractures were inclined to be of the 
button type for the ductile welds, which includes the 
heat-treated high-carbon steel welds, and of the interface 
or cone type for the nonductile welds. 


9—Influence of Heat Treatment 


All specimens were air cooled to room temperature 
after removal from the welder and an appropriate num- 
ber were furnace heated and recooled as previously de- 
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scribed. All specimens were carefully handled during 
the transfer period to the furnaces. This was important 
because in the as-welded condition the high-carbon steel 
welds were so brittle that dropping a specimen freely 
upon a concrete floor from a height of 60 in. would or- 
dinarily result in complete rupture of the specimen. 
There is a production difference between post-welding 
furnace heat treatment and in-the-machine heat treat- 
ment of the medium- and high-carbon steel welds, with 
all of the quality advantages in favor of the second 
method. Untreated high-carbon steel welds may be 
sufficiently brittle so that rupture will occur as the result 
of shop handling or as a consequence of structural cool- 
ing stresses before the assembly could be placed in the 
furnace. 

The specific influence of post-welding heat treatments 
of the entire specimen upon the hardness, metallographic 
structure and the physical properties of the welds was 
established for all thicknesses. Since the thinner sheets 
were quenched to their maximum hardness a marten- 
sitic structure was obtained. By direct application of 
metallographic knowledge, an 1150° F. anneal serves in 
this case not only as the common stress relief treatment 
upon the weld and the surrounding volume of metal, but 
it is also a nearly ideal temperature for the transforma- 
tion of the quenched into the tempered martensitic con- 
dition. The use of this subcritical treatment tends to 
lower the normal hardness of the 
nominally hot-rolled metal to only a 
slight degree, and of the cold-rolled 
metal to a considerable extent, as 
illustrated in Fig. 32 and Table 6. 
A striking effect of this treatment 


Table 6— Unaffected 


where the composite strength is improved by the ap- 
plication of a tempering treatment upon the hard- 
ened weld and the immediately surrounding metal. By 
plotting the carbon-thickness relations for which the 
ratio of one was obtained from the tension-shear tests, as 
in Fig. 35, the upper limit of carbon dividing the ductile 
or “‘foolproof’’ analyses from the brittle analyses was es- 
tablished across the thickness range. This upper limit 
is essentially the same as that determined from the use 
of a 40% weld ductility factor, as shown in Fig. 31. 
This method of approach cannot be used for the cold- 
rolled steels because of the influence of the heat treat- 
ment upon the strength of the unaffected stock and of the 
known interrelationships between weld tension-shear 
strength and material strengths.’ 

The ratio of the heat-treated to the as-welded direct 
tension strengths was almost always greater than one, 
as listed in Tables 3, 4 and 5, indicating that the higher 
the possible service direct tension or stress concentra- 
tion component, the lower the upper carbon limit of the 
steel must be maintained if no heat-treating techniques 
are to be employed or if the highest potential perform- 
ance is to be obtained from the weld. 


10 —Influence of Prewelded Tensile Properties . 


It has been shown in previous investigations®* that 


Material Hardness, Tensile Strength and Relative Full 
Strength Width Data 


Actual Width for 
was in the reduction of the hardness 
> > we. 148. 
of the quenched weld ingot in the Com- ) 
higher-carbon steels as shown by 1ess tent Hardness a {Este psi)=, 
Fig. 33. Accompanying increases per~ as 4i150°F Pre- 1150°F 1150 
times were obtained for the thin 014 -40 
high-carbon steel welds in Table 3. e015 BR=A 1 71 85 387,500 38,200 Se 
+030 HR-A 38 126 154 56,700 69,300 ° 2.52 
perature, as 1420° F. for the higher- 032 1.03 HRA 54 159 170 71,500 76,500 1.04 1.96 
of all zones even more, as shown in -061 054 4K 11 113 111 50,900 50,000 3.24 2.88 
the same figures. These welds for -060 HK 105 46,400 435700 2-66 
ry -049 -00 HK- 35 " 62 2. 
the thinner sheets were nearly al 7065 1.00 HR-A 185 201 8%e200 90,500 0.71 1.36 
ways less strong than those annealed 
or tempered at 1150° F. 124 026 HR 3 91 92 41,000 41,400 2.87 2.34 
€ 1ow-Carbon compositions -124 -l2 HK 12 99 90 44,500 40,500 3.19 3.01 
both heat treatments resulted in 0126 ca 154 60,400 2.08 2.58 
welds of lowered strength, for the elz5 sw 3 HR 29 161 136 72,500 61,200 1.96 2.18 
tension-shear type of loading for all 135 -96 HR-A 36 205 188 92,200 84,700 0.57 1.62 
YI g 
thicknesses. These strengths were, -1z9 1.02 HR-A-F 40 330 312 148,800 140,500 0.54 1.2] 
on the other hand, increased up to 195 050 HR 12 99 83 44,500 37,400 2.14 ».18 
times for the higher-carbon -191 1 HR “4 104 46,800 45,500 2.76 2.54 
ialyses by the same treatments 13% 947500 1781 
asshown in Tables 3 to 5, and as -198 -49 HR 30 203 x36 91,500 106,000 0.85 1.25 
illustrated in Fig. 34 for the */;.-in. 1.09 HR-A 185 90,500 3.2 0.41 1.41 
thick materials. e252 .012 HR 4 94 90 42,300 40,500 1.51 1.37 
By plotting the ratio of the heat- 2262 13 HR 10 131 114 59,000 51,500 1.95 2.03 
welded strength against carbon con- Ck 20x £10 = 94, 500 1.4) 
ten > ‘ > «20 HR 14 3 ~ ke 
', for each thickness tested in the 242 ©. 40 HR 31 183 les 8,40 62,400 1.15 1.65 
‘uihe Manner, it was possible to pre- 
cisely determine the point where the -212 CR 21 210 --- 94,500 
rato of one was obtained for each .400 .012 HR 5 94 87 42,200 41,800 1.26 1.20 
thickness. This is the dividing line 2379 HR 16 110 108 
between the conditions where a tem- HR 205 192 : 
heat treatment lowers the HK 17 123 55,400 
Composite 2 210 94,500 ------ . ---- 
by “492 68,000 63,400 «1-19 1.20 
ucing both the ingot and ma- ae Hh 33 224 222 101,000 100,000 1.10 1.12 
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the prewelded sheet strength exerts a pronounced in- 2.40 
fluence upon the final weld properties. The present in- 
_ vestigation, which included cold-rolled steels up to '/» in. 
in thickness, provided additional data upon this phe- e | | 
nomenon. After making due allowances for the carbon 3 200 | | 
content, all welds in the cold-rolled steel were stronger Eq 
when loaded in tension shear than those in the hot-rolled a 
materials. The strength when loaded in the conven- 160 4 
tional direct-tension manner was, on the other hand, . | z 
found to be relatively low, particularly for thicknesses of w tee | 4 
in. and less. This reduction in actual strength pro- z 7 
vided a tension to shear or ductility ratio of only 0.167 DB 1.20 — ne 
for a '/s-in. thick 0.174 carbon steel, and 0.18 for a steel S 
containing 0.15% carbon, as shown in Fig. 30. ne 100 — ] 
The multiple hardness studies for a 0.174 carbon cold- < — 5 
rolled steel weld are shown in Fig. 8. The hardest and z|Q 8° CR 7 ‘ae 
least ductile zones are located at the periphery of the z 5 | 
weld, which is the point of maximum stress concentra- ls 
3}2 40 - 
1000 2 
< | 
.96 CARBON CARBON 
20 40 60 80 100 
4 CARBON CONTENT (PERCENT) 
: Fig. 34—Relation Between Carbon Content of */\»-In. Stock and 
Changes Effected on Shear Strength by Annealing 
>». Initiation of failure at the time of maximum « 
flection. 
700}---——- -4 ~~ 6. Progressive failure through the thickness of th: 
member. 
S WELDED 
oo The ductile welds generally failed by pulling a butto: 
600}-—— from either one or both of the sheets. The application o! 
- | a post-welding heat treatment to the hot-rolled low-car 
= | bon steel altered the diagrams but a small amount in S) 
2 magnitude and little if any in form as shown by the upper t 
row, center and right columns. ¢ 
1150 °F ANNEAL When an as-welded cold-rolled steel spot weld, tor 
a | about the same composition, is loaded in direct tension ai 
the stress conditions are apparently entirely differen! se 
3 % After the initial taking up of the slack in the testing ol 
in 
10 
SINGLE "AS MADE” | st 
WELDS STRONGER SINGLE 1150°F. ANNEALED tu 
THAN 1150°F. WELDS STRONGER THAN 
ANNEALED WELDS |_ “AS MADE” WELDS al th 
| we 
re: 
Fig. 33—Influence of Heat Treatment Upon Hardness of Spot > wi 
Welds in '/;-In. Stock 4 im 
| | 
tion. Typical load-deflection diagrams for spot welds in S 
1/,-in. thick materials, loaded to destruction in tension, ° | 
are shown in Fig. 36. Diagrams are shown for 4 steel = |__| 
compositions and tempers when tested in the as-welded, 220 _ x 
1150° F. annealed and the 1420° F. annealed conditions. ¢— 
From the upper-left diagram, for a ductile weld, it is = | 
apparent that there are 6 stages to this test: 
1. Initial tightening up of the machine clamps and | | 
jigs. | 
2. Elastic deflection of the cross members in bending. | 
3. Plastic deformation of the members at the edges fe) =O 
of the weld and at the ends of the restraining £0. anBoit CONTENT IPERCENT) : 
Fig. 35—Relation Between Carbon Content, Material Thick 
4. Angular tension loading applied to the edges of ness and Unity Ratio for Welds in Tension Shear (Preanneale¢ } 
the welds. or Hot-Rolled Stock Only) 
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Fig. 36—Load Deflection Diagrams for Spot Welds Loaded in 
Bending (Direct) Tension ('/,-In. Stock) 


system the deformation of 2 stages begins, as shown in 
the left diagram of row 2, Fig. 36. Because of the higher 
elastic and plastic strengths of the unwelded and un- 
heated material there is probably little or no local re- 
distribution of the applied load at the weld edge and con- 
sequently there is no falling off in the rate of application 
of the stress at the hardened weld periphery. The lead- 
ing weld edge and volume of adjoining metal are there- 
iore stressed at the conclusion of the second loading 
stage to some higher unit value of undetermined magni- 
tude, which is either above the strength of the metal at 
that point or which results in a deformation beyond its 
ability to withstand that movement. In either event 
failure occurs which progresses rapidly across the entire 
weld interface before either a high load or deflection is 
reached. For this type of loading, high strengths can- 
not be obtained unless the specimen has a capacity for 
withstanding deformation under the notch conditions 
volved. The application of either the furnace temper- 
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ing or above-critical annealing temperature to these 
cold-rolled steel welds resulted in the changes of hardness 
shown in Table 4 and after such treatment there was 
little dissimilarity between the direct-tension deflection 
diagrams for the hot and initially cold-rolled steels. The 
similarity, after heat treatment, can be seen by compar- 
ing the center and right diagrams in the 2 upper rows of 

ig. 36. 

Corresponding load-deflection diagrams for the me- 
dium- and high-carbon steels are also shown in the lower 
part of Fig. 36. For these compositions a marked im- 
provement was obtained by heat treatment, in spite of 
the previously demonstrated presence of peripheral 
cracking. 

The diagrams in Fig. 36 illustrate a principle; viz., 
that a welded joint may be brittle because of either an 
unsuitable quench and material composition combina- 
tion or an unsuitable quench and material prewelded 
strength combination. For a given severe quench rate 
the same composition may provide a ductile weld in one 
case and a brittle weld in the second case, depending 
upon the point magnitude of the imposed stress, which in 
turn is influenced by the type of loading and the prop- 
erties of the unwelded metal. Preannealing of the cold- 
rolled low-carbon steel stock prior to welding results in 
the production of ductile welds, because while the 
quench rates are the same in both cases it becomes im- 
possible to apply such a high point stress when pre- 
annealed stock is used. 


11—Comparisons with Other Processes 


Some differences involved in the effect of quench rates 
for the spot, metal-are and flash-welding processes are 
illustrated for one thickness by comparing the hardness 
patterns in Figs. 8,37 and 38. All 3 welds were made in 
the same lot of steel, item 18X, Table 1. For the spot 
weld the quench involved resulted in a hardness of 429 
DPH whereas for the metal-are and flash welds the maxi- 
mum hardness was on the order of 190. Further evi- 
dence of the differences between the spot- and arc- 
welding processes is provided by a comparison of Figs. 
39 and 14. Figure 39 is based upon previously reported 
metal-arc welded data® for '/s-in. carbon steels. The 
parameters, upper and lower, are those of Bain, and in 
this instance the hardnesses obtained are nearer the 
lower rather than the upper limits. Even for '/2-in. 
plates, by comparison of Figs. 14 and 39 it would appear 
that slightly higher hardnesses are obtained with the spot 
than with the metal-arc-welding process for the particu- 
lar conditions under consideration. In general, these 2 
processes are opposites with respect to the influence of 
the thickness variable. For spot welding the quench rate 
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Fig. 38-—-Hardness Nonuniformities in '/;-In. Cold-Rolled 0.174% Carbon Steel Flash Weld (Specimen |' ; 
In. Wide; Section '/, In. from Edge) Reduced 12!/:% in Reproduction 


is lower in the thicker plates and more rapid in the thin upper limit for ideal performance, for '/2-in. plate, wit! 
sheets. For are welding, in general, the quench rates the welding and testing conditions used. This is higher 
are slower for the thin sheets and more rapid for heavy — than can be permitted for spot welding in thin sheets bu! 
plates. For both processes the rate of heat extraction 
immediately following the actual welding time are im- 
portant, but not the only factors in the resulting proper- 


Performance data for the same '/s-in. arc-welded 
plates also showed interesting similarities. For carbon > 
contents up to 0.25%, as shown in Fig. 40, all joints is 
tested in bending with unfixed ends and a high concen- oF | 
trated stress at the edge of the weld, gave ductile results, | & me | 
= 

whereas above this amount of carbon a rapid decrease of y = 
potential joint deformation at failure was obtained. The 7 aah * 
maximum bending load resisted increased, on the other } tall 
hand, up to a composition of 0.35% carbon as shown in ome, 
Fig. 41. The net effect of these 2 factors results in the 00 sand | 

/ \ | MAX. IN | 

npHEAT AFF'D. | 


composition and energy absorption relationship shown in 
ONE 
— 


Fig. 42. Again, as was found for the spot-weld tests, 
both composition and prewelded material strength in- 
fluence the performance of the as-welded joint. This 
statement is based upon the fact that for the steels in- 
volved the normal increases in strength were obtained Zs 
for each incremental upward change in carbon content 
and from the generally determined relations between 
material strength and bending load required for full 
deformation. CARBON CONTENT (PERCENT) 
With the resulting lowered quench rate involved on Fig. 39—Carbon Content vs. Hardness for Metal-Arc-Welded 
the arc-welded joint a 0.25% carbon content was the 1/In. Plain Carbon Steel Plate (*/\-In. Single-Pass Fillet) 
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Fig. 40—Relation Between Carbon Content and Angular De- 
formation of '/,-In. Metal-Arc-Welded Tee-Joint Bend Test 


is substantially the same as can be tolerated for spot 
welding of the same thickness. 

In the flash-welding process the cooling and gripping 
dies are located at some distance from the weld as illus- 
trated in Fig. 38. The intervening volume of metal is 
heated during both the prewelding and welding phases of 
the process. Asa result the quenching rate is somewhat 
slower. The resulting hardness data, plotted against 
carbon content for '/s-in. thick by 1'/2-in. wide bar stock 
are shown in Fig. 43. This curve may be contrasted 
directly with the '/;-in. curve in Fig. 14 since the identi- 
cal steels were involved in both cases. Even slower cool- 
ing rates may be expected for flash welds in heavier sec- 
tions. Both of the high-carbon flash-welded steels in 
the Fig. 43 series contained die-burns, which are regions 


‘ of local overheating and rapid cooling, sufficiently severe 
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Fig. 41—Relation Between Carbon Content and Load Resisted 
for '/»-In. Metal-Arc-Welded Tee-Joint Bend Tests 
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Fig. 42—Relation Between Carbon Content and Energy Ab- 
sorbed for '/,-In. Metal-Arc-Welded Tee-Joint Bend Tests 


to cause premature tensile failure in those zones."* In 
this one respect the flash-welding process contains a 
quench problem very closely related to that of the spot- 
welding process. 


12--Summary and Conclusions 


Properties obtained from both heat-treated and ‘‘as- 
made”’ spot welds in annealed, hot-rolled and cold-rolled 
carbon steels up to 0.5 in. in thickness and containing up 
to 1.09% carbon have been obtained. Hardness, metallo- 
graphic and strength studies were made on the welds in 
an effort to relate such measurable results to known 
metallographic phenomena. This combination of studies 
provided a satisfactory background for explaining the 
results obtained from standard physical tests. The fol- 
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lowing conclusions were reached, based upon the stati- 
cally loaded normal temperature performance of single- 
weld specimens in carbon steel; made with a single-1m- 
pulse single-force technique involving an adjustment of 
the electrode-force-current-time spot welding variables 
upward with increases in material thicknesses: 


(a) Metallurgical 


1. For all compositions less than 0.065 in. in thickness 
the critical quench rates were exceeded and the weld 
nuggets.and the immediately surrounding metal was in 
the condition of maximum hardness. 

2. For the high carbon steels the critical quench rate 

yas exceeded up to 0.12 in. in thickness. 

3. The spot weld nugget and the immediately sur- 
rounding metal are cooled more slowly in the thicker 
plates, which results, for a given composition and temper, 
in lesser hardness and higher ductility. 

4. Spot-welding conditions used for the welding of 
thin sheets result in quench rates higher than those en- 
countered in any other commonly used welding process. 

5. High magnification microcracking can be obtained 
with carbon contents as low as 0.12% for very thin 
sheets. 


(6b) Hardness 


6. The maximum hardness was commonly obtained at 
the weld interface edge as a result of the solid metal 
quench. 

7. The ductility of ‘‘as-made’’ spot welds varied in- 
versely as the maximum hardness of the weld edge but for 
a given hardness the values were different for different 
material thicknesses and tempers and therefore hardness 
alone cannot be used asa criterion of spot-weld quality. 


(c) Specimen and Loading Types 

8. The tension-shear type of test of suitable specimen 
width, may be used for detecting brittle welds in a given 
grade of material although it is not as sensitive to varia- 
tions in brittleness as the direct-tension type of test. 

9. Tension-shear strength alone is not a complete cri- 
terion of weld quality. 

10. The conventional direct-tension type of test is a 
bending-tension superimposed upon tension test with 
the maximum point of stress concentration located at 
the interface, and generally the hardest, edge of the weld 
nugget. 

ll. For resisting severe stress concentration condi- 
tions it is important that the metal at the edge of the 
weld have adequate strength and ductility to withstand 
the imposed deformation. 

12. For both the conventional tension-shear and the 
direct-tension type of single weld row specimens high 
loads cannot be resisted without considerable deflection. 


(d) Welding Schedules 


13. The spot-welding schedule used provided welds 
within the recommended range of analyses which have an 
average tension-shear strength consistency or standard 
deviation of less than 6% from the average. Higher 
forces or lower currents, or both, must be used for the 
higher carbon steels. 

14. The use of in-the-machine tempering or other 
special techniques appears to be even more desirable for 
cold-rolled steel than for hot-rolled or preannealed stock. 


(e) Carbon Content 


15. For each thickness of hot-rolled or preannealed 
material there is an optimum composition from which 
welds of maximum tension-shear strength will be ob- 
tained without treatment of any kind. 
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16. ‘‘As-made”’ welds in steels of both very low-car 
bon and the high-carbon compositions are less strong ir 
tension-shear than are those made in materials of the o ‘ 
timum composition. 

17. For balanced maximum tension-shear and direct 
tension strengths the maximum carbon content for }, rt 
rolled, preannealed or normalized stock should be held 
to not more than 0.10% plus 0.3 times the material 
thickness. “~ 

18. For direct tension loading maximum strengths 
and deflections are obtained with a minimum of carbon 
content. 

19. Carbon contents must be more rigidly restricted 
downward for cold-rolled material as compared to hot- 
rolled materials, for those applications wherein serjoys 
stress concentrations may occur and special welding 
techniques are not involved. : 


(f) Heat Treatment 


20. The use of an 1150° F. anneal results in the pro- 
duction of welds of both maximum strength and ductility 
for the higher carbon materials and a minimum of 
strength with maximum ductility for the low-carbon 
steels. 

21. The use of a 1420° F. anneal results in the pro. 
duction of ductile welds of strengths somewhat less than 
that obtained for the 1150° F. treatment. 

22. The use of the ratio of the tension-shear strength 
of the 1150° F. annealed to the ‘‘as-welded”’ values for 
hot-rolled or preannealed steels provides a simple specific 
means for segregating ductile from brittle welds. 

23. Spot welds in hot-rolled or preannealed stee! 
having a ductility ratio of less than 40% will have their 
tension shear strengths increased by an 1150° F. anneal 

24. The use of an annealing treatment very greatly 
increases the strengths of high-carbon steel spot welds 
subjected to severe stress concentrations. 


(g) Temper 


25. For a given composition, welds in cold-rolled 
steel are stronger in tension-shear and less strong in di- 
rect-tension and consequently their ductility ratios are 
much less than for the hot-rolled or preannealed steels 
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Summary 


HIS investigation was undertaken to study the 
fundamentals of spot welding steel plate. The 
different welding variables were studied and from 

the results it was found possible to establish a general 

procedure for the selection of optimum welding condi- 
tions for various thicknesses and types of material. 

Control equipment and measuring techniques were 

developed in order that welding conditions might be 

easily specified and consistently reproduced. Methods 
of testing spot welds in steel plate were developed to 
evaluate their mechanical properties. It was found that 
pulsation welding does not offer any advantages over 
ontinuous welding of steel plate; on the contrary, 

ntinuous welding is to be preferred over pulsation 
welding for reasons which are explained in the report. 

\ preheat period employing low current but high elec- 

trode force has proved to be the most satisfactory 

method of securing intimacy of contact and minimizing 
the effect of any short circuits. The minimum spot 
cing required to limit the reduction in weld diameter 
caused by short circuiting to less than 10°), has been 
found to be five times the weld diameter. The investi- 


gation has shown that dome-shaped electrode contacting 
suriaces of restricted diameter result in the best welds 
irom the standpoint of symmetrical current distribution, 
porosity and plate distortion. 


Introduction 


Spot welding of low-carbon steel in the thickness range 
ol to in. had been attempted many times prior 
\o the present investigations. In all of these early trials 
the welding conditions were established on the basis of 
pulsation welding. Since no correlation could be found 
vetween the welding conditions recommended in the 
various cases, this investigation was undertaken to 
‘tudy the fundamentals of spot welding steel plate. 
Chis paper presents a discussion of these fundamentals, 


a a comparison of continuous versus pulsation 
welding, 


since so little prior investigation had been made on 
these heavier gages, it was necessary to develop equip- 
ment lor measurement and control of the welding vari- 
ables. Suitable methods of testing welds made in steel 
plate were developed on the basis of previous experience 
'n Spot welding lighter gages of hardenable steels. 
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Material 


The major portion of the investigation was carried 
out on '/4- and '/2-in. NAX 9115-X whose composition 


and mechanical properties are listed in Table 1. Some 
further work which corroborated the original findings 
was done on higher-carbon and alloy steels of various 
types. In order to provide a clean scale-free surface of 
low contact resistance, all of the material was alundum 
grit blasted prior to welding. 


Table I—NAX 9115-X Plate 


A—Chermical Composition 


Element 1/,-In. Plate, % '/,-In. Plate, 
0.14 0.16 
Mn 0.50 0.49 
P 0.015 0.018 
S 0.027 0,020 
Si 0.85 0.80 
Cr 0.58 0.44 
Mo 0.13 0.18 
Zr 0.05 0.05 

B—Mechanical Properties 
'/,-In. Plate /4-In. Plate 

Vield strength, psi. 51,420 90,590) 

Tensile strength, psi. 77,400 75,340 

Elongation in 2 in., % 42 14 

Brinell hardness ¢ 17 


Equipment 


Welding was done on a press-type welder with a 
motor-operated toggle mechanism. <A_ rubber air- 
filled bellows provided a maximum pressure of 6800 Ib. 
An auxiliary air cylinder was added to give additional 
electrode force of approximately 7500 Ib. This arrange 
ment provided a maximum electrode force of over 
14,000 Ib. and in addition made it possible to study the 
advantages of dual pressure. 

The original control equipment permitted the use of 
pulsation welding and provided for phase control of the 
welding current. Later, after the relative merits of 
pulsation and continuous welding had been investi- 
gated, a new control was developed which eliminated the 
pulsation feature. This improved equipment also was 
designed to give automatic control of the dual pressure 
system. In addition it made possible the use of a pre- 
heat current with independent phase control. In 
order to prevent current variations resulting from 
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changes in the line voltage or in the impedance of the 
welding circuit, a current regulator was added. Details 
of the construction and operation of this equipment are 
described in the literature.* This regulator maintains 
the current at established values regardless of any 
change in the amount or type of metal in the throat of 
the welding machine. 

The welding times were sufficiently long to allow the 
use of a strip-chart recording ammeter operating from 
the primary of the welding transformer for current meas- 
urement. The length of the preheat and welding times 
were checked by a pair of precision synchronous 
clocks. 

Electrode temperature measurements were made by 
means of chromel-alumel thermocouples used in con- 
junction with a Weston photoelectric potentiometer and 
an Esterline-Angus sensitive recording milliammeter. 
The photoelectric potentiometer was of the self-balanc- 
ing type having a galvanometer and optical system de- 
signed to operate an electronic balancing mechanism. 
This equipment combination permitted accurate meas- 
urement of rapidly changing temperatures. 


Testing 


Shear Test.—The welds were tested for shear strength 
using a specimen as illustrated in Fig. 1. The grips on 
the testing machine were properly offset to eliminate 
any tendency for initial bending. 

Impact Test.—The most critical direction in which a 
shock load can be applied to a spot weld is in a direc- 
tion perpendicular to the plate surfaces. For such a 

* Cooper, B., ‘Better Welds Through Regulated Welding Currents,”’ Tue 
WELDING JOURNAL, 23 (1), 5-10 (1944) 


A) SHEAR TEST SPECIMEN 
172" 
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3) TENSION AND IMPACT TEST SPECIMEN 
Fig. 1—Details of Spores, for Shear, Tension and Impact 
ests 
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Fig. 2 (Left)—Modified Fremont Impact Testing Machine 


Fig. 3 (Right)—Details of Impact Testing Machine with Speci- 
mens in Place 


test two 5- x S-in. plates were welded in the center of 
an overlapping cross to form the specimen shown in 
Fig. 1. A modified Fremont impact testing machine, 
shown in the photographs of Figs. 2 and 3, was em- 
ployed for testing these welds. A falling forked weight 
was designed to apply an impact load simultaneously 
to both ends of one plate of the specimen while the 
other plate was clamped rigidly in the holding jig. 
The residual energy was absorbed by a pair of cali- 
brated springs whose maximum deflection was indicated 
by an aluminum push rod. The deflection could then 
be measured with a dial gage and the corresponding 
residual energy obtained from a calibration curve. A 
maximum impact load of 850 ft.-Ib., later increased to 
1150 ft.-lb., could be obtained with this machine. 
When testing welds made in thinner or more ductile 
steels, there was a tendency for the lower plate to bend 
excessively. This objectionable condition was largely 
overcome by spot welding a reinforcing plate to the 
specimen as shown in Fig. 4. 

Normal Tension Test.—In order to stress the welds 


statically in the direction perpendicular to the plate 
surfaces, the normal tension test was devised. i: ~ 
in the 


test the specimen was identical with that use 
impact test. This specimen was stressed normal to the 
plate interface using the holding jig which 1s shown in 
the open position in Fig. 5, and in the operating — 
in Fig. 6. Normal tension on the weld was obtained by 
applying compression to the jig. 
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General Considerations 


Weld Size 

The main problem in spot welding is the production 
of enough heat in the material to be welded to develop 
a zone of adequate size. zone should have 
good mechanical properties and the characteristics of a 
good casting, i.e., freedom from gross defects such as 
orosity and cracks. 

The first consideration is the choice of a proper weld 
size to be used with a given plate thickness. This selec- 
tion of weld size depends upon the type of failure pro- 
duced by the applied load, and upon the consistency of 
weld strength. Weld failure may occur in two different 
ways. In one case, failure occurs by shearing of the 
weld metal across the interface, parallel to the plate 
surfaces. In the second case, fracture occurs in the 


BRACING PLATE 
WELD 


PLATE 
| 


Fig. 4—Details of Attaching Reinforcing Plate to Impact Speci- 
men to Prevent Grip Slippage 


base metal by pulling either a plug or a round knob, 
which includes the entire weld area, from one of the 
plates. If the ratio of weld diameter to plate thickness 
is small, failure will occur by shearing through the 
weld metal as just described. These joints tend to be 
unsatisfactory because shearing fractures are character- 
ized by low strength, inconsistency and sudden failure. 
if the weld size is increased, a diameter will be reached 
avove which base metal fracture will occur, i.e., a plug 
will be pulled from one of the plates. Experience has 
shown that better weld consistency is obtained with this 
type failure. 

- When the weld size is too small to cause fracture in 
the base metal, failure occurs suddenly, even though the 
cad is applied gradually. When welds are to be sub- 
ected to shock loading, or if they are made in slightly 
lardenable steels, the need for making larger welds, 
with resulting plug-type failures, becomes even more 
‘portant. In welding the more hardenable steels, it 
‘Ss ordinarily impossible to obtain plug-type failures 


“ven with very large welds. However, a post-heat treat- 
ment, appl 


ied to these welds in the welding machine, 
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SPOT WELDING STEEL PLATE 


Fig. 5—Jig for Applying Normal Tension to Crossed Specimen 
in Open Position 


can be used to increase their strength and ductility to 
such an extent that failure will be made to occur in the 
base metal even for the most hardenable steels. The 
minimum recommended weld diameters for several 
plate thicknesses are listed in Table 2. 


Fig. 6—Jig for Applying Normal Tension to Crossed Specimen 
in Operating Position 
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Table 2—Minimum Weld Diameter for Spot Welding Ty, 
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(1) 12 x 10° 
_ 0-237 x 108 


161 x 108 | 
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Fig. 7—The Effect of Welding Time on the Diameter of Welds 
Made at Various Power Levels 


Welding Time and Power Level 

The selection of welding conditions resolves itself 
into the basic problem of heat development at a rate 
sufficiently in excess of the rate of heat dissipation to 
accomplish the desired result in the shortest time. 
Heat development by pulsation welding will be first 
considered. In the pulsation process, current is passed 
for a specified length of time and then interrupted for a 
brief period. This is repeated for a number of times to 
develop the necessary heat. The total heat developed is 
given by the following equation: 


E = (1) 


the total heat input 

the effective or rms value of the welding cur- 
rent during the time of current flow 

the duty cycle, defined as the fraction of the 
total time per pulse during which current 
flows 

the total resistance between the welding elec- 
trodes. (This is unknown and varies with 
the temperature but is necessary to complete 
the above equation and is reproducible under 
controlled conditions) 

the number of pulses, or separate intervals 
during which current flows 

the time between the beginning of successive 
pulses 


In this equation the term J/*DR is the average power 
input or power level. In all of the following discus- 
sion the R term is taken to be unity. This can be done 
since R will be practically a constant in all cases con- 
sidered. Consequently, power level and energy will be 
expressed in arbitrary units. 

Heat loss, which is primarily to the welding electrodes 
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Equal Thicknesses of Plate 


Plate Minimum 
Thickness, Weld Diam,, 


In. 
1 


and to the surrounding plate metal, is influenced chiefly 
by the length of the welding time. The longer the welj. 
ing time, the greater will be the heat dissipated in the 
plate and the greater will be the extent of the heat 
affected zone. 

If a weld is placed near a plate edge so that the limited 
edge distance falls within the heated area, heat losses 
will be reduced due to heat extractions, and larger welds 
will be produced. Hence inconsistency in weld diameter 
due to plate geometry is more likely with long welding 
times. 

In making a weld of definite size, the welding time 
and power level are interdependent because of the neces. 
sity for supplying a given amount of energy to cause 
fusion. However, since the amount of energy to melt 
the given volume of metal remains constant, while the 
heat dissipation is greater with longer times, the total 
energy which must be supplied increases with the weld- 
ing time. The relationship between weld diameter and 
welding time for various power levels is shown in Fig.7 
It is evident that there are many combinations of power 
level and welding time which will result iv the produc 
tion of a given size weld. The theoretical lower limit 
of power level, which may be termed the threshold 
power level, is that value at which the rate of heat dis- 
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Fig. 8—The Effect of Power Level on Welding Time, Energy 
Input and Peak Electrode Temperature 
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sipation equals the rate of heat development at a tem- 
perature just below the melting point. Under these 
conditions no weld can be made regardless of the dura- 
tion of current flow. If the power level is reduced so 
that it approaches this value, the total energy required 
to make a given weld increases enormously. This ef- 
fect is shown in Fig. 8. At power levels only slightly 
bove this value slight changes in heat dissipation may 
result in the production of no weld or of one of inade- 
quate size. It can be seen that both time and energy 
ire wasted by the use of low power levels. Conse- 
juently, these two factors favor the production of a 
weld in the shortest possible time. It is fortunate 
that these considerations point also in the direction of 
highest weld diameter consistency. 
The maximum value of power level that can be used 
lor making a spot weld is limited by two factors, local 
melting beneath the electrodes and metal expulsion 
irom between the plates. In the first case, too high a 
current density at the electrodes causes such excessive 
heat generation at that point that melting occurs there 
delore adequate fusion is produced at the weld interface. 
Furthermore, when welding with high power levels, 
steep temperature gradients are established in the pro- 
posed weld region. These gradients may be so severe 
that before the weld has reached the desired size, the 
‘enter of the fused region may become highly super- 
heated. The resulting pressure may be so great that 
ie electrode pressure is not sufficient to hold the plates 
together and consequently molten metal is violently 
*xpelled from the weld. Aside from the danger to the 
welding machine operator, such an expulsion is highly 
objectionable since, due to metal loss, it produces an 
insound weld, 
Bema the expulsion limit existing at differ- 
or a given electrode size and pressure. 
n this graph that lower power levels 
These making a larger weld without expulsion. 
lurve shows that at sufficiently high power levels 
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SPOT WELDING STEEL PLATE 


it is not possible to make a weld of proper diameter 
without expulsion. 


Electrode Geometry 


As a welding variable, the electrode geometry af- 
fects the diameter, penetration, current distribution, 
electrode indentation, plate separation and cooling 
rate of a weld. A symmetrical current distribution at 
the plate interface, which is necessary for uniformity in 
weld shape, is best obtained by using a dome-shaped 
electrode contact surface of limited diameter. A 30° 
approach to the contacting surface is recommended. 
Figure 10 illustrates this electrode design. For making 
a l-in. diameter weld in '/2-in. plate a 10-in. radius 
dome was found satisfactory. The radius of the domed 
surface varies with the thickness of the material being 
welded. The diameter of the contacting surface is 
governed primarily by the desired weld size. 

In comparison with flat electrodes, the use of limited 
dome electrodes provides more symmetrical current 
distribution, greater reproducibility of weld size, and 
in general makes possible a greater number of welds 
between electrode dressings. It is to be expected that 
the advantages of dome-shaped over flat electrodes 
would be accentuated in deep-throat welding machines, 
since a slight deflection of the arms will not materially 
influence current distribution when using dome-shaped 
contacting surfaces. 

The slight change in electrode contour which occurs 
with use is indicated in Fig. 11. The contour of a dome- 
shaped electrode of limited diameter is shown in the 
“as-machined”’ condition and also after 500 welds have 
been made. It’should be noted that the vertical scale of 
the figure is magnified twenty times to better reveal the 
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Fig. 10—Electrode Design Used for Welding Steel Plate 
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changes in shape. The survey shows variations across 
a diameter of the contacting surface. 

When dissimilar thicknesses of the same material are 
welded, macrosections reveal that the weld is not sym- 
metrical with respect to the plate interface. There is a 
tendency for the fused zone to form at the center of the 
combined thicknesses, resulting in poor penetration into 
the thinner plate. If the thinner plate is of a different 
material with a higher thermal conductivity and lower 
electrical resistivity, or a higher melting point, this ef- 
fect will be accentuated with even less penetration into 
the thinner plate. Penetration into the thinner plate 
may be increased by increasing the diameter of the elec- 
trode which is in contact with the thicker plate. By 
this method the relative current density in the thinner 
plate is increased, providing for higher heat generation 
and proportionately greater penetration into the thinner 
plate. 


Electrode Force 


Sufficient electrode force must be applied during 
welding to minimize or eliminate porosity. Erratic 
welds, both from the standpoint of size and strength, 
often result from unsatisfactory current distribution at 
low pressure. On the other hand, abnormally high pres- 
sure produces objectionable plate distortion. Conse- 
quently, an electrode force is chosen which will result in 
sound, consistent welds with as little distortion as pos- 
sible. In many cases a compromise between slight dis- 
tortion and a small amount of porosity, neither of which 
is objectionable, is necessary for satisfactory results. 


Comparison of Continuous and Pulsation Welding 


At the start of this investigation it was generally recom- 
mended that pulsation welding be used when spot-welding 
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Fig. 11—Electrode Profiles Showing Contour of Contacting 
Surfaces After Machining and After 500 Welds 
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Fig. 12--The Independence of Weld Diameter on Duty Cycle 
at Constant Power Level 


material greater than '/,in. in thickness. However, there 
was no agreement in the literature as to the proper 
duty cycle, the time per pulse and the number of pulses 
to be used with the pulsation method. Therefore, it 
was necessary to investigate the fundamental aspects 
of pulsation welding and the possible advantages result- 
ing from the pulsation process before attempting to select 
welding conditions. 


Duty Cycle 


Based upon the heat equation (Equation 1), the rela- 
tionship shown in Fig. 8 was obtained for the total energy 
and total welding time required to make a given size 
weld at various power levels. The curves are identical 
for both 50 and 80% duty-cycle welds. From this it 
may be seen that the welding conditions are independent 
of duty cycle at all power levels. The fact that there 1s 
little difference with respect to the way in which the quan- 
tities making up the power level are varied, providing 
the product of these factors remains constant, is further 
shown by Fig. 12. The welds were made using different 
duty cycles with the current adjusted to maintain a con- 
stant power level. Again from this graph it is apparent 
that weld diameter is entirely independent of the selec- 
tion of duty cycle provided the current is adjusted to 
result in the same power level for each weld. At the 
time these studies were made, control equipment was not 
yet available to check a 100% duty cycle. However, 
later experiments with continuous welding verified the 
above relationships. 


Number of Pulses and Time per Pulse 


A similar investigation was conducted to determme 4 
basis for the selection of the number of pulses (») and the 
time per pulse (f). In this case welds were made using 
different times for each pulse and different number ol 
pulses, such that their product (mt) remained — 
The study was carried out at constant powet lev e Pr 
that the total energy remained the same for each weld. 
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Fig. 13—-The Independence of Weld Diameter on Pulse Time 
at Constant Total Welding Time 


\gain it was found that the weld diameter is independent 
{ the variables concerned, as illustrated in Fig. 13, pro- 
vided the product (mt) remains constant. The results 
were again checked at a later date using a 100% duty 
evele. Therefore, it may be concluded that pulsation 


Fig. 14--Schematic 
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Fig. 15—Effect of Power Level on Peak Electrode Surface 
Temperature 


welding offers no advantages over continuous welding 
from the standpoint of producing a given size weld. 


Electrode Temperature 


One of the advantages claimed by the pulsation method 
has been that it afforded operation with lower electrode 
surface temperatures. This was said to minimize diffi- 
culty from melting beneath the electrode contact surfaces 
and mushrooming of the electrodes. 

Therefore, the effect of both power level and duty 
cycle on the temperature reached at the electrode surface 
was studied. Initial temperature measurements were 
made with a thermocouple located approximately '/¢ in. 
beneath the electrode contact surface. The thermocouple 
wires, insulated by fine Pyrex glass tubing, were flash 
welded to the bottom of a hole drilled from the side of 
the electrode. The effect of power level on the electrode 
temperature just beneath the contact surface is shown in 
Fig. 8. It is apparent that under the conditions set up 
in this experiment, the temperature reached near the 
electrode surface is much higher when welding is carried 
out at low power levels. This is associated with the fact 
that longer times and greater total energy are required 
for welds made at the lower power levels. Some of the 
points on the electrode-temperature curve of Fig. 8 were 
obtained using a 50% duty cycle, others with an 80% 
duty cycle. Since all the points fall on the same tempera- 
ture curve it is immaterial what duty cycle is used. 

In later experiments, the temperature was measured 
directly at the electrode surface. This was accomplished 
by the placement of a thermocouple in the electrode as 
shown in Fig. 14. A thermocouple wire, insulated by Py- 
rex tubing, was inserted in each hole. The wire ends were 
then twisted together and pressed into the electrode con- 
tact surface. With this procedure the thermocouple 
junction is effectively located at the edge of a small drilled 
hole in such a way as to be maintained at the tempera- 
ture level corresponding to intimate copper to steel con- 
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tact. When a given size weld is made at different power 
levels, the surface temperature reaches a constant peak 
value. This effect is illustrated in Fig. 15. Comparing 
this figure with Fig. 2, it may be noted that the surface 
temperature of electrodes used for welding '/2-in. material 
is independent of power level, while the temperature meas- 
ured '/i, in. below the surface of electrodes used for 
welding '/,-in. material increases with lower power levels. 
In both cases the weld diameter was maintained constant 
for varying power levels. The apparent discrepancy in 
the variation of electrode temperature with power level 
is probably due to the fact that the temperature gradient 
from the electrode surface toward the electrode coolant 
is steeper with shorter welding times and consequent 
higher power levels. With such a change in temperature 
gradient, the temperature '/,. in. below the electrode sur- 
face would increase with lower power levels. 


Table 3—Weld Diameter Consistency as Influenced by 
Welding Procedure 


A.S.T.M. 
Coefficient 
Av. Weld Standard of 

Method of Diam., Deviation, Variation, 

Welding In. In. / 
100% Duty-cycle 

weld 0.93 0.0875 

75% Duty-cycle 

weld 0.96 0.1165 
50% Duty-cycle 

weld 0.88 0.0768 


Note: Data based on 15 welds at each condition. 
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Fig. 16—The Reduction in Weld Diameter Produced by the 
a Effect of Adjacent Welds at Various Spacings. 
elds Made with 50% Duty Cycle 
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75% DUTY CYCLE WELD 
AVERAGE DIAMETER OF FIRST WELD 


PERCENT REDUCTION IN WELD DIAMETER 


SPOT SPACING - INCHES APART 


Fig. 17—-The Reduction in Weld Diameter Produced by the 
ain Effect of Adjacent Welds at Various Spacings. 


elds Made with 75% Duty Cycle 


Weld Diameter Consistency 


Another advantage claimed for pulsation welding has 
been the possibility of greater consistency in reproducing 
weld size. This claim was further extended to include 
welds made under conditions of short circuiting by adja 
cent welds. Studies of weld diameter consistency and of 
the short-circuiting effect of adjacent welds were under 
taken using duty cycles between 50 and 100%. 

The consistency of weld size was first studied without 
the complicating effect of adjacent welds. The tests 
were made using '/>-in. plate since it is more difficult to 
obtain consistency of weld size with thick material be- 
cause of the increased difficulty in securing intimate 
contact at the plate interface. Table 3 shows the results 
of the weld consistency study. The variation in weld 
diameter was caused by accidental short circuits, usually 
at some distance from the weld region. However, the 
tabulated results show clearly that consistency of weld 
size is not a function of duty cycle and, therefore, there 
is no advantage of pulsation over continuous welding 1 
this respect. 

Variation in weld diameter caused by accidental short 
circuits can be controlled by exercising proper set-up pre 
cautions. However, short circuiting of welding current 
through adjacent welds is an entirely different problem. 
The closer the adjacent spot to the weld being made, the 
greater will be the amount of current by-passed trom the 
desired weld region. A weld of smaller diameter will 
therefore be produced. The reduction in weld diameter 
produced by the short-circuiting effect of an adjacent 
weld at various spacings is shown in Fig. 16. All welds 
in this case were made using 50% duty cycle. Similar 
curves for 75 and 100% duty-cycle welds are shown 10 
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Fig. 18—The Reduction in Weld Diameter Produced by the 
Short-Circuiting Effect of Adjacent Welds at Various Spacings. 
Welds Made with 100% Duty Cycle 


Figs. 17 and 18, respectively. Although the consistency 
i the data shown in these curves is not as high as might 
be desired, it is evident that all of the welding procedures 
indicate that something less than 10% reduction in weld 
liameter may be expected if the spot spacing is 5 in., or 
approximately 5 diameters for 1-in. welds in '/»-in. thick- 
ness plate. With closer spacings considerably greater re- 
ductions in diameter are experienced. It should also be 
noted from these tests that the pulsation procedure offers 
no apparent advantage over continuous welding. 

The effect of current short circuiting by adjacent welds 
on the peak electrode temperature obtained during weld- 
ing is shown in Fig. 19. It is apparent that the electrode- 
surtace temperature is not indicative of the reduction in 
weld diameter produced by the short-circuiting effect of 
adjacent spots at various spacings. This shows that the 
heat generated in the vicinity of the electrode contact 
suriace determines the temperature reached at this point, 
ind that this temperature is not always a true measure of 
the heat generated in the weld region at the plate inter- 
‘ace. Therefore, if welding conditions are based on con- 
‘rol originating from electrode-surface temperature meas- 
urements, regardless of whether they make use of pulsa- 
on or continuous welding procedure, the short-circuiting 
effect of adjacent welds will not be compensated for by an 
‘utomatic increase in welding time or current. 


Continuous Welding 


From the above-mentioned tests it may be concluded 
that pulsation welding offers no advantages over con- 
‘unuous welding of steel plate and that many of the claims 
made for the pulsation-welding process cannot be verified 
y laboratory experiment. However, continuous weld- 
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ing possesses a definite superiority over pulsation welding 
from the following standpoints: 
1. It permits the use of a much simplified control 
apparatus for welding. 
It eliminates rapidly fluctuating voltages on the 
power system that result from pulsation welding. 
3. It greatly simplifies the problem of current and 
time measurement, and thereby makes possible 
a degree of quality control and ease of machine 
setup not possible with pulsation welding. 


2 


Preheat 


The inherent warpage and distortion that result from 
processing steel plate make it nearly impossible to insure 
intimate contact before making a weld. In the studies 
made on consistency of weld diameter it was pointed out 
that variations in weld size, without the effect of adjacent 
welds, were produced by accidental short circuits which 
existed when intimate contact at the plate interface had 
not been obtained. The results showed clearly that this 
inconsistency in weld diameter was not a function of duty 
cycle. Therefore, when plate distortion produces acct- 
dental short circuiting, some method of securing intimate 
contact of the plates to be welded is essential for con- 
sistent welds. 

By employing a low power level preheat period in con- 
junction with high electrode pressure prior to welding, 
consistent intimacy of contact may be secured. This im- 
proves the reproducibility of weld size. In addition, the 
use of a preheat materially reduces the likelihood of metal 
flashing and expulsion at both the electrode-to-plate and 
plate-to-plate interfaces. The preheat stage need not 
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Fig. 19—Peak Electrode Temperature for Various Duty Cycle 
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lengthen the weld period since it is not necessary to main- 
tain a high welding power level for more than half the 
time required to make the same size weld without pre- 
heat. The magnitude of the preheat power level and its 
time duration should be adjusted to produce plate soften- 
ing and plastic adhesion at the plate interface without 
melting. If melting takes place during preheat, the 
power level change from preheat to weld may cause un- 
desirable expulsion. A schematic diagram illustrating 
the variation in current and pressure during the preheat 
and weld sequence is shown in Fig. 20. 


Recommended Welding Conditions 


As the result of the evidence presented in this report, 
it is recommended that continuous current flow be used 
for making spot welds in plate material. Using this pro- 
cedure, the recommended conditions and test results for 
spot welding '/,- and '/:-in. NAX 9115-X steel are given 
in Table 4. It should be pointed out that the original 
conditions were established using */,-in. diameter flat 
electrodes for the '/,-in. material and 7/s-in. diameter flat 
electrodes for the '/.-in. material. Although satisfactory 


CURRENT 


PRESSURE 


PREHEAT HOLD 
TIME 


Fig. 20—Schematic Diagram Showing Typical Current and 
Pressure Sequences Used for Welding Steel Plate 


results may be obtained with flat electrodes, it was later 
found with other material that greater reproducibility of 
weld size and less sheet distortion resulted with the use of 
dome-shaped contact surfaces. For this reason, the 
original recommendations were changed to include the 


Table 4—Recommended Conditions for Spot Welding '/,- 
and '/,-In. NAX 9115-X Steel 


Electrode shape: 
Dome radius, in. 10 
Limiting diameter, in. 7/ 
Conical approach 

Electrode force, lb. 

Weld time, cycles 

Weld current, amp. 

Weld diameter, in. 

Mechanical properties: 

Shear strength per spot, Ib. 
Normal tension strength per spot, Ib. 
Impact strength per spot, Ib. 


30° 
7,210 
510 
28,500 
1.0 


36,400 
9,500 
395 


57,800 
34,000 
1 over 850 
1 under 280 
Av. bal. 710 
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Fig. 21—-Photomacrograph of a Typical Weld in '/,-In. NAX 
9115-X Steel Plate 


dome-shaped electrodes. In addition, a preheat together 
with a double pressure system was not recommended at 
the time the conditions shown in Table 4 were originally 
established. However, subsequent investigations with 
other types of steel plate have definitely indicated the 
desirability of such a procedure. 

Figures 21 and 22 are cross-sectional photomacro. 
graphs of typical welds made in '/,- and '/,-in. NAX 
9115-X steel plate, respectively. They show a typical 
cast columnar structure surrounded by a heat-affected 
area in which slight grain growthis apparent. Surround- 
ing this area of grain growth is a fine-grained dark etching 
heat-affected region. This region has been heated just 
into the austenitic field and cooled rapidly by the adja- 
cent plate. The plate separation and electrode indenta- 
tion evident in the photomacrographs would have been 
minimized if dome-shaped electrode contact surfaces of 
limited diameter had been used instead of flat electrodes 


Conclusions 


As a result of the study of the fundamentals of spot 
welding steel plate, the following observations may be 
made: 


1. Pulsation welding does not offer any advantages 
over continuous welding of steel plate for the 
following reasons: 

(a) Heating of the electrodes is the same in both 
processes. 

(6) The proximity effect or the tendency of 
weld diameters to diminish, due to short 
circuiting of current by adjacent welds, is 
the same in both processes. 


‘ 
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Fig. 22—Photomacrograph of a Typical Weld in 1/,-In. NAX 
9115-X Steel Plate 


OCTOBER 


| 
| 
gh 


it 


h 


(c) Consistency in the attainment of desired 
weld size is the same in both processes. 

9 (Continuous welding offers the following advan- 
tages over pulsation welding: 

(a) It permits the use of a simplified control appa- 

ratus for welding. 

(b) It eliminates rapidly fluctuating voltages on 
the power system that result from pulsation 
welding. 

(c) It simplifies the problem of current and time 
measurement, and thereby makes possible 
a degree of quality control and ease of ma- 
chine setup not possible with pulsation 
welding. 

3 The most important factors in spot welding are 
power level and welding time. The use of the 
highest practicable power level involving the 
shortest time results in the best weld diameter 
consistency. 

4, Intimacy of contact between the surfaces being 
welded is essential for the production of con- 
sistent spot weld diameters. This is necessary 
to avoid accidental short circuiting in the vi- 
cinity of the weld. Intimacy of contact may 
best be achieved by employing a properly con- 
trolled preheat period prior to welding. 

5. The use of a dome-shaped electrode contact surface 
of limited diameter results in the best welds from 
the standpoint of porosity, weld-diameter con- 
sistency and plate distortion. 

(. Spot-weld diameters large enough to produce tear- 
ing failures in the plate material must be used if 
satisfactory mechanical properties are to be ob- 
tained. The minimum recommended weld di- 
ameters for several plate thicknesses are listed. 

7. The minimum spot-weld spacing required to limit 
the reduction in weld diameter, caused by short 
circuiting, to less than 10% is five times the weld 
diameter. 


8. The use of electrode temperature for precision con 
trol of spot welding is not recommended, since 
electrode temperature depends principally on 
the current density at the contact surface and 
may not reflect the true temperature in the weld 
region. 

9. A drop impact test and a tension test were de 
veloped for spot welds in steel plate. 

10. The use of an automatic current compensator to- 
gether with a straight-time type of control with 
precise specification of current, time and pres- 
sure has been found to be the most satisfactory 
method for spot welding steel plate. 
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Static-Strength Tests of Fillet Welds on 
Aluminum Alloy 61S-T Plate 


By R. L. Moore’ 


Synopsis 


le tests described were undertaken to obtain information on 
elect of size of fillet, length of weld and direction of weld with 
“spect to loading, upon the shear strength of fillet welds on alumi- 
um alloy 61S-T plate. Metal-are welds in nominal sizes of '/;, 
hls and */, in. were investigated and a few samples of '/:-in. 
rn shielded tungsten-are welds were included. Tests were 
other ne in the as-welded and reheat-treated and aged 
re 1¢ specimens were all of symmetrical, double butt- 
, _» ype, made of plates ranging from */s to 1 in. in thickness. 
B= of individual welds ranged from 1'/, to 6 in 
Mt naa loads indicated average shearing stresses on the 
rm “aa bry, of the welds of from 16,000 to 24,600 psi. 
tested in the as-welded condition. Weld 
mereased slightly with increasing length of weld and 


* Sched Te , 
meek of Twenty-Righth Annual Meeting, A.W.S., Chicago, 
Alu 
-ompany of America, Aluminum Research Laboratories, 
8 Design Division Kensington, Pa. 


transverse or end-fillet welds were somewhat stronger than longi- 
tudinal or side-fillet welds. Reheat treatment and aging after 
welding resulted in an average increase in weld shear strengths of 
about 30%. 


Introduction 


LTHOUGH welding has become a standard pro- 
cedure in much of the fabrication work done on 
the nonheat-treatable aluminum alloys, it is not as 

well suited to the fabrication of the higher strength, heat- 
treatable alloys. Its use in primary structural appli- 
cations has been limited to a large extent by two factors: 
(1) the effect of welding upon properties obtained by 
prior heat treatment, and (2) the difference between the 
strength of the weld metal itself and the strength of the 
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SAW CUTS AFTER WELDING. amount of test data on weld strengths has been ut 
lished.' The tensile properties given in Table | for the 

y ‘4 different thicknesses of plates used are typical for Alec, 

61S-T in plate form.* 


Scope of Tests 


The tests described have covered shear-strength deter 

minations for metal-are fillet welds in nominal] sizes of 

1/2 and */,in., and a few argon-shielded tungsten 
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TEST SPECIMENS 
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Fig 1—Type of Panel from Which Longitudinal Fillet-Welded s 
Specimens Were Cut < Fig 
metal being welded. Continued improvements in weld- = 
ing alloys and techniques will, of course, lead to a greater > ted 
utilization of this method of fabrication for the higher A senitea 
strength aluminum alloys. At the present time, liow- 
ever, its use can perhaps best be furthered by a better i atieie’ 
understanding of some of the strength characteristics of on weld 
welds as produced by methods in current use. 4 - ded 
The object of the investigation herein described was 7 C ons 
to obtain experimental data on a phase of the welding ay > 
problem of particular interest in structural designs in 4 n 
aluminum; namely, the static shear strength of fillet we =| 
welds on 61S-T plate. Alcoa alloy 61S (Federal Speci- q - 
fication QQ-A-327), consisting nominally of 0.25% cop- 
per, 0.6% silicon, 1% magnesium, 0.25% chromium, . = wy 
and the balance aluminum, was selected because in appli- 3 é ne 
cations involving welding it is the most widely used of the : ° were se 
heat-treatable aluminum alloys. It is likewise the high- 3 lates ¢ 
est strength aluminum alloy for which any considerable mina 


DIMENSIONS, IN. 


1 are fillet welds in a nominal size of '/:in. Two kinds ot 
_| | 5% | Y2| 3 _| welds on symmetrical, double butt-strap joints were 
5% | $4. cluded: (1) longitudinal or side fillets, 
direction of the loading, and (2) transverse or ent fillets, 
normal to the direction of loading. The effect of 
Fig. 2—Longitudinal Fillet-Welded Shear Specimens variation in the length of longitudinal welds was invest 
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Fig. 5—Transverse Fillet-Welded Shear Specimens 


10%, which insured a fair margin of safety against plate 
failures. 

All of the longitudinal welded specimens were ma 
chined for test as shown in Figs. 2 and 3. This operation 
eliminated the starting and finishing portions of the 
welds, which were not of full section, and provided defi- 
nite lengths of weld subjected to shear. A similar machin- 
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DISCARD STRIPS (1" TO 2” WIDE) the 


fig. 4—Type of Panel from Which Transverse Fillet-Welded 


Specimens Were Cut 


ing operation is specified in the A.S.M.E. 


Boiler Con 


Table 1—Tensile Pro erties of 61s T Plate Used bie! Fillet- 


Welded Shear Specimens’ 


= Nominal Vield 
gated for one size of fillet (*/gin.). Tests were made on Thick- Specimen Strength Ultimate ' 
similar specimens in the as-welded and reheat-treated ness Dae Offset, 0.2% Strength, Elongation 
oy > ; 
nd aged conditions. Although the tests were under- a5 sean Psi Psi im 4D, 7 
taken primarily to obtain shear-strength data on fillet 
welds, plate rather than weld failures ina few cases pro- 1/, x 40,900 14°500 114 
vided some information on the effect of heat of welding WwW $1,800 $3,690 16.0 
pon plate strengths. */s Xx 39,200 44,700 14.9 
W 40,200 43,900 16.6 
xX 39,500 43,800 15.0 
W 39,200 $2,800 18.5 
Specimens and Welding Procedure x 41/200 14'900 14.0 
W 40,300 43,300 16.5 


Figures | to 6 indicate the method of fabrication and — 
show the nominal dimensions and types of specimens of in big 
at, Standards for Tension Testing of Metallic Materials, E8-46, 1946 
wed. The relative proportions of weld metal and plate Boor of A.S.T.M. Standards, Part LB, p. 296 
were selected so that the average tensile stresses in the + X indicates specimens normal to direction of rolling. 
plates did not exceed the average shear stresses on the cates specimens parallel to direction of rolling. 
nominal throat area of the welds by more than about 
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Fig. 6—Transverse Fillet-Weld Shear Specimen 
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struction Code’ for longitudinal fillet-welded specimens 
in steel. 

The majority of tests were made on specimens welded 
by the metal-are process, using */\s-in. diameter Alcoa 
43S flux-coated electrodes. The procedure followed 
was to first clean the surfaces to be welded with a 
wire brush and to tack weld the splice plates in position 
on panels of the type shown in Figs. | and 4. The panel 
assemblies were then furnace preheated to about 400° 
F. and the welds completed. One pass was sufficient to 
complete all welds but the */4-in. size, where two passes 
were necessary. A Westinghouse d.-c. welding machine 
of 300-amp. capacity was used, with current values for 
all thicknesses of plate ranging from 175 to 290 amp. 
Residual flux was removed from the specimens with a 
rotary scratch brush, followed by immersion in caustic 
and nitric acid solutions and a final clear water rinse. 

In making the argon-shielded tungsten-are welds, the 
plates were first cleaned with caustic and nitric acid 
solutions. The splice plates were then tack welded in 
place and the panels preheated with a torch to about 200° 


Table 2—Results of Static Tests of Longitudinal Fillet Welds on 61S-T Plate (Metal-Arc Welds) 


F. The welds were made using Alcoa alloy 43S weld Wire 
A Westinghouse a.-c. welding machine of 1000-anmp 
capacity was used on a setting of about 400 amp. Since 
no flux was required a final cleaning operation was not 
necessary. 

The reheat treatment to which about 40% of the spec. 
imens were subjected after welding involved a solution 
heat treatment at 960 to 980° F., followed by a rapid 
quench and an aging treatment at 320° F. for 18 hours. 

A visual examination of the welds, both before and 
after the tests, indicated that generally they were of good 
quality. The argon-shielded tungsten-are welds pre- 
sented a cleaner, smoother appearance since there was 
none of the flux spatter which is characteristic of metal- 
arc welds. Figure 10 shows a section of a metal-are 
weld, indicating good penetration and a reasonably sound 
structure. 

The tests were all made in an Amsler universal testing 
machine of 300,000-lb. maximum capacity. Intermedj. 
ate load ranges of 100,000 and 200,000 Ib. were used to 
accommodate the different sizes of specimen used. |p 


Corresponding Averaze 


Nominal Length SES. 
Specimen Size “ersured_ of Tension Tension 
Type of Throat Individual Breaking Shear in in 
and Fillet, Dimension,Welds, Load, on Mein Splice Location 
No. Condition in. in. in. lb Velds Plates Pletes of Failure 
A-1 As-welded 1/4 0.26 3 57 200 18 000 24 100 25 400 Welds 
-2 As-welded 1/4 0.26 3 59 000 18 900 24 800 26 200 Kelds 
As-welded 1/4 0.26 3 55 900 17 900 23 500 24 800 Mein Plate 
A-4 Reheat treated 1/4 0.25 3 81 700 27 200 34 400 36 390 Splice plates 
-5 Reheat treated 1/4 0.26 3 81 009 25 500 34,100 36 900 Solice pletes 


B-l As-welded 3/8 0.26 1-1/2 26 500 16 700 14 900 1? 700 ¥elds 
-2 As-welded 3/8 0.27 1-1/2 26 500 16 400 14 900 17 700 Velds 
-3 As-velded 3/8 0.27 1-1/2 26 000 16 000 14 600 17 300 Yelds 
Be4 Reheat treated 3/8 0.27 1-1/2 40 300 24 900 22 600 26 990 Welds 
-5 Reheat treated 3/8 0.27 1-1/2 41 700 25 700 23 400 27 800 Felds 


As-welded 3/8 0.28 3 65 100 19 19 800 20 800 Velds 
-2 As-welded 3/8 0.28 3 63 700 18 600 19 400 20 400 Velds 
-3 As-welded 3/8 0.29 3 61 500 17 400 18 700 19 700 Welds 
C-4 Reheat treated 3/8 0.28 3 91 600 27 890 27 900 29 200 Nelds 
-5 Reheat treated 3/8 0.28 3 ot 50 27 100 27 800 29 200 — ~ splice 
plate 
As-velded 3/8 0.29 6 150 500 21 600 26 200 26 Yelds 
0.30 6 151 000 21 300 26 300 26 600 Welds 
-3 As-welded 3/8 0.31 6 150 S00 20 200 26 200 26 SOO Welds 
4 reat treat 3/8 0.30 6 170 89” 23 309 29 700 30 000 Splice pletes 
treated 3/8 0.2? 6 184 900 73 690 22 900 22 90 Snlice nlates 
ra -welded 1/2 0.34 3 74 900 18 400 17 100 17 190 Welds 
= dea 0.34 3 72 000 7 400 16 500 16 509 Yelds 
-3 As-welded 1/2 0.3% 3 73 700 17 800 16 900 16 990 ¥elds 
F-4 Reheat treated 1/2 0.33 3 100 900 25 300 22 900 22900 Yelds 
-5 Reheat treated 1/2 0.33 3 95 800 24 200 900 2 Pelds 


3/4 0.45 3 101 500 18800 17700 17900 ¥elds 
4 0.4 3 92 400 16000 16300 16 400 Welds 
3 88 000 +17 400 «17 i 17 200 ‘Welds 
— 4 0.48 3 124700 21900 21700 21900 

i 122000 20800 21200 21500. Welds 


individual welds 


* Shear stressés goed on throat area of welds (measured throat dimension times lenzth of four 


Tensile stresses in main and splice plates based on nominal dimensions shovm in Fie. 26 


WELDING RESEARCH SUPPLEMENT 


Argon 
tun, 


Meta! 
fetal 

Metal 

Metal 

: Metal 

tal 

Met 

ess th 

ER 

Wey 


Table 3—Results of Static Tests of Transverse Fillet Welds on 61S-T Plate 


Correspondine Average 


Nominal Length 
Size Measured ension 
Throat IndividualPresking ‘Shear in in 
1 an Fillet, Dimension Welds,  Losd, _on Main Splice Location 
Contition in. in. in. lb Velds Plates Plates of Feilure 
Metal-are Vclds 
d 
= 1/4 0.26 3.88 37 200 18 100 25 500 12 200 telds 
3:93 39400 12200 26700 123400 V¥elds 
A -3 ~ As-welded 1/4 0.27 3.88 39 100 18 600 26 900 13 400 Mein Plate 
|- Reheat treated 1/4 0.26 3.90 53 200 26 200 26 500 18 200 Yelds 
c “ Reheat treated 1/4 0.26 3.88 57 300 28 400 39 400 19 700 Mein Plate 
d 
-velded 3/8 0.25 3.94 52 900 19 26 800 13 400 Mein Plate 
1g 3/8 0.34 ° 51 19 500 26 500 13 200 Welds 
i. -3 ~#As-welded 2/8 0.35 3.91 55 100 20 100 28 300 14 200 Mein Plate 
to fe4 Peheat treated 3/8 0.35 3.89 78 900 29 000 40 600 20 300 Felds 
In -5 Reheat treated 3/8 0.34 3.8 78 300 29 40 5 20 200 Mein Plate 
I-l] As-velded 1/2 0.36 3.93 66 000 23 000 19 200 13 400 Welds 
-2 As-welded 1/2 0.36 3.92 66 100 23 700 19 300 13 500 Welds 
Asewelded 1/2 0.36 3.93 69800 24600 2023200 14200 helds 
- 7. Reheat treated 1/2 0.36 3.93 86 800 31 100 25 200 17 600 Yelds 
4 Pahaat +reated 1/2 0.3% 3.92 700 25 200 17 600 “elds 
Jel As-welded 3/4 0.47 3.77 78000 22000 20700 11800 
-2 As-welded 3/4 0.49 3.88 86 100 22 700 22 200 12 700 Welds 
= -3 As-welded 3/4 0.49 3.90 74 100 19 400 19 000 10 800 Yelds 
J-4 Reheat treated 3/4 0.49 3.84 87 300 23 400 22 700 13 000 ¥elds 
-5 Reheat treated 3/4 0.49 3.89 101 500 26 600 26 100 14 999 Velds 
Shielded 7 bre “ela 
I-6 As-welded 1/2 0.41 3.87 60 300 19 100 17 800 12 500 Yelds 
-? As-welded 1/2 0.43 3.86 61 300 18 500 18 200 12 700 Welds 
I-8 Pocheat treated 1/2 0.40 2.88 82 400 27 200 24 600 17 200 Yelds 
-9 reheat treated 1/2 0.42 3688 82 900 25 700 24 400 17 100 Yelds 
¢ Serr on throat area of velds (measured throat dimension times leneth of two 
indivi welds). 
Tensile stresses in main and splice pistes based on nominal thicknesses shown in Fie. £ and 
mechined widths indicated by leneths of welds. 
Table 4—Summary of Average Shear Stresses Developed in Fillet Welds on 61S-T Plate 
Increase 
Shear Stresses Corresponding to Breaking Loads,* Psi. in Stress 
. Nominal Length of For Weld Failures For Plate Failures by Reheat 
kind Size of Individual Reheat Reheat Treatment, t 
of Weld Fillet, In. Welds, In. As-welded Treated As-welded Treated % 
Longitudinal Welds 
Metal-are 1/, 3 18,400 fans 17,900 26,400 
Metal-arc 3/5 1.5 16,400 25,300 54 
Metal-are 3/4 3 18,600 27,400 47 
Metal-ar 3/s 6 21,000 23,400 
Metal arc 1/s 3 17,900 24,800 38 
Metal-ar 3 17,400 21.400 23 
Transverse Welds 
Metal-are 1/, 3.9 18,200 26,200 18,600 28,400 44 
Metal-are 3/s 3.9 19,500 29.000 19.600 29,400 49 
Metal-arc 3.9 23,800 30,700 99 
‘ungsten-arc 3.9 18,800 26,400 40 
. Z a ses beans on measured throat area of welds. Values for weld failures indicate strengths of welds; values for plate failures 
Weld strengths, 
_§ Based on tests resulting in weld failures only. 
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112000 
SPECIMENS C-1,-2, AND -3 TESTED IN AS~WELDED CONDITION 
SPECIMENS C-4 AND-5 TESTED AFTER REHEAT TREATMENT 
DEFORMATION OR SEPARATION OF 
MAIN PLATES AT CENTER OF 
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Fig. 7—Load-Deformation Curves for nannies epogme Shear Specimens, Type C (Metal-Arc 
elds 


Fig. 8—Typical Failures of Longitudinal Fillet Welds 
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Fig. 9 Typical Failures of Transverse Fillet Welds 


rder that some measure might be obtained of the extent 
f plastic yielding before failure, measurements of the 
separation of the main plates at the center of the joints 
were taken with a dial indicator, graduated in 0.001 in. 
Figure 7 shows a typical set of load-deformation 
‘urves of this kind. 


Results and Discussion 


lables 2 and 3 present the results of all the welded 


jomt tests, giving the breaking loads, the corresponding 
iverage computed shear stresses in the welds and tensile 
stresses in the plates and the location of the failures. Of 
the thirty-two specimens tested in the as-welded condi- 
ton, twenty-eight failed by shearing the welds as in- 
tended. In those cases where plate failures were ob- 
tamed the welds were considerably oversize. Shear 
‘ailures were likewise obtained in sixteen of the twenty- 
‘wo specimens reheat treated and aged after welding. 
Figures 8 and 9 show typical weld failures. 

\ study of Tables 2 and 3 and the summary of average 
shear strengths given in Table 4 reveal a number of signifi 
‘ant results. It was evident from a comparison of the 
‘ear strengths obtained in these and previous tests of 
illet welds on 61S-T plate! that the welds of the present 


ests were of exceptionably good quality. The shear 
‘trengths obtained for duplicate and triplicate specimens 
“ “tly one type or heat treatment, moreover, were quite 


‘lorm. These observations are of particular interest 
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in design because the welds were considered to be repre- 
sentative of good commercial practice. 

The shear stresses developed at failure in the 3-in. 
long longitudinal welds in the as-welded condition were 
approximately the same for all sizes of fillet, the average 
for all tests shown in Table 2 being 18,100 psi. Although 
the test welds were intended to cover a size range of from 


Fig. 10—Section of */,-In. Metal-Arc Fillet Weld 


- 
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599-5 


'/, to */, in., the actual fillets ranged more nearly from 
3/s to 11/16 in. 

The average shear strengths of the longitudinal welds 
in the */s-in. nominal size and in the as-welded condition 
ranged from 16,400 psi. for a length of 1'/2 in. to 21,000 
psi. for a length of 6 in. This result suggests that the 
quality of the welds improved with an increase in the 
length of fillet, and within certain limits this was un- 
doubtedly true. The shear strength of 21,000 psi. ob- 
tained for the 6-in. long */s-in. longitudinal fillets cannot 
be attributed to length effect alone, however, since this 
strength value exceeded that obtained for the */s-in. 
transverse fillet welds which were made in one continu- 
ous pass of about 25 in. 

As shown in Table 4, the shear strengths of the '/,-in. 
nominal size longitudinal and transverse welds in the as- 
welded condition were approximately the same, yet in the 
larger sizes the transverse welds were stronger in almost 
every case. In the '/s-in. size, for example, the difference 
was 33%. The average shear strength for all transverse 
metal-arc welds in the as-welded condition was 21,200 
psi., as compared to 18,300 psi. for the longitudinal 
welds. There would appear to be two possible explana- 
tions for this difference in behavior; first, that the 
transverse welds, being made in longer passes, were of 
better quality, and second, that since there was almost 
twice as much welding in a given space on most of the 
longitudinal specimens as on the transverse specimens, 
differences in heat of welding had a significant effect. 

Reheat treatment and aging after welding resulted in 
increases in shear strength of from 17 to 54%, with the 
greatest increases being observed for the smaller welds. 
The average increases for all transverse metal-arc welds 
was 31%, whereas the average for all longitudinal welds 
was 35%. 

The work done on argon-shielded tungsten-arc welds 
was too limited to warrant detailed comparisons with 
welds made by the metal-are process. The average shear 
stresses given in Table 4 indicate that the metal-arc 
welds were slightly stronger. The response to reheat 
treatment and aging was about the same. Other lim.ted 
tests! have indicated that the smoother welds attainable 
by the argon-shielded tungsten-are process may result in 
a definite improvement over metal-are welds from the 
standpoint of fatigue strength. 

The load-deformation curves shown in Fig. 7 are typi- 
cal of those obtained for all types of joints. For the spe- 
cimens tested in the as-welded condition, noticeable 
plastic yielding began at a load equal to approximately 
one-half the breaking strength. For the specimens re- 
heat treated and aged after welding this yielding began at 
about three-fourths of the breaking load. 

Although the discussion thus far has been limited to a 
consideration of the shear strength of the welds, some 
plate failures were obtained. The average tensile stresses 
corresponding to these failures give some indication of 
the effect of heat of welding upon the original properties 
of the plates. Tables 2 and 3 show four plate failures for 
specimens in the as-welded condition where the average 
tensile strengths ranged from 23,500 to 28,300 psi. The 
lowest value was obtained for a longitudinal welded spe- 
cimen where the effect of heat of welding would be ex- 
pected to be the greatest. These reduced tensile 
strengths were still considerably above a value of 18,000 
psi., which is considered typical for fully annealed 615.’ 
The plate strengths obtained in transverse specimens re- 
heat treated and aged after welding ranged in one case as 
high as 40,500 psi., which was only about 10% below the 
original tensile strengths listed in Table 1. Splice plate 
failures were obtained in four of the reheat treated and 
aged longitudinal welded specimens, however, at average 
tensile stresses ranging from 30,000 to 36,000 psi. 


600-s WELDING RESEARCH SUPPLEMENT 


Summary and Conclusions 


Since these tests were undertaken to obtain more in- 
formation on the shear strength of fillet welds on alu- 
minum alloy 61S-T plate for use in design, the following 
results and conclusions appear of greatest interest; , 

1. Some evidence was obtained to show that the size 
of fillet, the length of weld and the direction of weld with 
respect to the loading may have a bearing upon the shear 
strength which may be developed. Some of the effects 
observed, however, were undoubtedly influenced by Vari- 
ations in the quality of welds as much as by the geome 
of the specimens. ; 

2. The generally high shear strengths obtained jy 
these tests, as compared to previous work, emphasize 
the strength possibilities of good welding attainable by 
current commercial procedures on alloy 61S-T. 

3. The static shear strengths obtained from a very 
limited number of argon-shielded tungsten-arc welds 
were slightly less than obtained for a comparable size of 
fillets made by the metal-are process. The argon. 
shielded welds presented a cleaner, smoother appear- 
ance. 

4. For welds of the quality tested, ultimate shear 
design stresses of about 16,000 and 18,000 psi. are be- 
lieved to be conservative for longitudinal and transverse 
fillet welds, respectively, in an as-welded condition. For 
reheat treated and aged welds, corresponding ultimate 
shear design stresses would be 20,000 psi. for longitudinal 
welds and 22,500 psi. for transverse welds. 

5. The following shear values in convenient form for 
design correspond to the ultimate shear stresses proposed 
above: 


try 


Ultimate Shear Value in Pounds 
per Linear Inch of Weld 

Longitudinal Welds Transverse Welds 

Reheat Reheat 
Fillet, As- Treated As- Treated 
welded and Aged welded and Aged 
2800 3500 3200 4000 
4200 5300 4800 6000 
5700 7100 6400 8000 
8500 10600 9500 12000 


Size of 


6. Heat of welding has a partial annealing effect upon 
61S-T and a complete restoration of original properties 
usually cannot be obtained by reheat treatment after 
welding. Although it 1s difficult to generalize regarding 
heat of welding effects from the standpoint of struc- 
tural design, some allowance for a reduction in base 
metal strength in the immediate vicinity of the welds 
must be made. This reduction may be minimized by 
a judicious location of welds, avoiding as far as possible 
regions of highest stress. 
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Selection of Austenitic Electrodes for 
Welding Dissimilar Metals 


. 


By Anton L. Schaeffler’ 


Abstract 


Chromium-nickel austenitic electrodes have been used for joining 
many dissimilar metals. Several authors have discussed the weld- 


nau 


electrode to base metal. It is the purpose of the present paper to 
reveal these relationships by using the Maurer microstructure dia- 
gram, which is commonly used to illustrate microstructures of 
wrought stainless alloys. Certain phase boundaries have been in- 
vestigated so that the diagram can be applied to weld metals. The 
\ewell-Fleischman equation as modified by Feild, Bloom and Lin- 
nert and further modified by the present author, is used to convert 
the austenite- and ferrite-promoting minor elements into either 
chromium or nickel equivalents so that the alloy can be located on 
the chromium-nickel diagram. 

A method of predicting resultant weld metal properties when 
welding dissimilar metals is proposed. The method utilizes an 
innovation called dilution direction lines to predict the resulting 
weld composition and microstructure. Eighteen examples are pre- 
sented to demonstrate that the method is feasible. Different and 
more complex uses of the diagram are also proposed; for example, 
predicting composition and microstructure in the root bead when 
joining two dissimilar metals with an electrode having a third 
alysis. Also illustrated is a method of using dilution direction 
lines to select an electrode so that a fully austenitic, or a partially 
ferritic, or a partially martensitic deposit is obtained. 


Introduction 


LECTRODES of the austenitic chromium-nickel 
type have been frequently used to join many 
metals having dissimilar analyses. The use of 
austenitic electrodes for welding armor and clad steels 
is wellknown. Less known is the use of austenitic elec- 
trodes for welding S.A.E. 4130 and 4340 aircraft mem- 
bers such as landing gears and propellers. Probably 
the latest and most exacting use of austenitic electrodes 
isin the welding of the dissimilar alloys in gas turbines. 
When welding with an electrode similar to the base 
metal, the composition, structure and mechanical prop- 
erties of the weld and weldment are, for the most part, 
well known. When welding with an electrode which 
las a different composition than the base metal, it be- 
comes more difficult to predict the composition, struc- 
‘ure and mechanical properties of the weld. During 
welding a portion of the base metal becomes fused with 
‘ie metal from the electrode in proportions depending 
‘pon Numerous welding variables. A survey of exist- 
ing literature will show that this problem is not new; 
thas been treated both here and abroad in recent years. 
The alloying or dilution problem has been described 
‘om a chemical viewpoint by Thomas and Ostrom,' 
irom a mechanical viewpoint by Emerson,’ and from a 


‘ctostructural viewpoint by the author.* As a matter 
week of Annual Meeting, A.W.S., Chicago, 


letallurgical Engineer, Arcos Corp., Philadelphia, Pa. 


of interest it should be mentioned that other investi- 
gations, treating in general of welding dissimilar metals, 
have been conducted by Rollaston and Cottrell‘ and 
Hanson, et al,5 in England, and by Thomas,® Feild, 
Bloom and Linnert,’* and Herres and Turkalo’® in 
this country. 

None of these authors have discussed the variations 
in properties which are possible when welding with one 
electrode, nor have they discussed the relationship ex- 
isting between the various compositions of austenitic 
electrodes. The author will take up the discussion of 
such relationships, show limitations of certain com- 
positions of electrodes, and present a simple method for 
predicting chemical and structural changes in the weld 
metal when welding dissimilar metals. Furthermore, 
the object of this paper is to present, by means of a 
structural diagram, some of the intricacies involved in 
the various combinations of chromium and nickel with 
due consideration to minor elements like carbon, man- 
ganese, silicon, molybdenum and columbium. The 
diagram is used to reveal the microstructural trend that 
the newborn weld metal will follow when the com- 
positions of base metal and filler metal have been es- 
tablished. Through a knowledge of the properties of the 
various compositions and structures, the observer can 
predict how the mechanical properties of the weld will 
vary. 

Many binary and ternary constitution diagrams can 
be found in the literature which reveal the relationship 
between various compositions of chromium, nickel and 
iron, but none of them is as expressive as the Eduard 
Maurer" diagram as modified by Scherer, Riedrich and 
Hoch'! (Figure 1). This diagram reveals the attendant 
microstructure for a given composition containing 
chromium up to 26%, nickel up to 25%, and the remain- 
der iron. The twenty-two specific alloys studied by 
Scherer, Riedrich and Hoch" in substantiating their 
modification of the diagram, were rolled to a thickness 
of '/s inch and were air cooled from 1922° F. They 
varied in carbon between 0.07 and 0.13%, chromium 
between 18.03 and 25.66°, nickel between 3.53 and 
20.19%, silicon between 0.23 and 0.37% and man- 
ganese between 0.30 and 0.48% 

If the minor elements, carbon, silicon and manganese, 
are within the limits described, the location of an alloy 
on the diagram is simply found. But it is known that 
these minor elements influence the structure of an alloy in 
varying degrees, and therefore, if they are present in 
quantities outside the described limits, a correction 
factor must be applied. In other words, the diagram 
reveals the microstructure for a given composition of 
chromium and nickel only when the minor elements fall 
within the ranges prescribed. A number of authors have 
studied the effects of these minor elements and their find- 
ings will be described and applied to the diagram. 
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ing of dissimilar metals from chemical, physical and structural 
viewpoints, but none of them have shown the relation existing be- 4 
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STRUCTURAL DIAGRAM OF WROUGHT QUENCH- ANNEALED 
CHROMIUM- NICKEL STEELS AFTER €. MAURER. REGION 
FROM !7 TO 26 CHROMIUM AND 
VERIFIED BY SCHERER- RIEDRICH-HOCH FOR CARBON 
0.07 TO O13 MANGANESE 030 TO 0.48 AND SILICON 
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Newell and Fleischman'’ have developed a formula 
which has been used to predict whether a certain 
chromium-nickel alloy can be fabricated into seamless 
tubing. They claim that the composition of the alloy 
must be balanced to exclude ferrite from the microstruc- 
ture; that is, the alloy must be fully austenitic in order 
to allow the mill to pierce the billet successfully. Their 
formula reveals that variations in carbon, manganese 
and molybdenum, as well as chromium and nickel, will 
upset the structure balance of an alloy. Their equation 
of the austenite—austenite-plus-ferrite boundary is as 
follows: 

In the above equation and those that follow, the chemi- 
cal symbol indicates the percentage of the elements 
present. The equation shows that molybdenum is 
twice as effective as chromium in promoting ferrite, and 
manganese is one-half and carbon is thirty times as 
effective as nickel in promoting austenite. The Newell- 
Fleichman equation was developed for alloys within the 
following range of composition : 


Per Cent of Element 


Carbon... 0.08-0.12 
Chromium... . 14-19 
Molybdenum 1.5-3 
Nickel. . 10-16 
Manganese. Not given 
Silicon . Not given 


Feild, Bloom and Linnert® in their study of armor 
welding made use of the Newell-Fleischman equation, 
but discovered that it could not be applied directly to 
weld deposits. Wrought materials have received a certain 
amount of homogenization through mechanical and 
heat treatments, but weld metals are usually found in 
the ‘‘as-cast’’ condition and hence dendritic segregations. 
Feild, Bloom and Linnert® made use of all the components 
in the Newell-Fleischman equation except the constant 
term, 8, which was changed to 11, as shown by the 
following equation: 


oe (Cr + 2Mo — 16)? Mn 


N — + 30 (0.10 —C) + 11 
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The object of the investigation was to insure that the 
weld would contain ferrite which, as they pointed out, 
helped to prevent root bead cracking during the welding 
of armor. This was accomplished by keeping th 
nickel content below the value calculated by the abov: 
equation. The welds in the study had the following 
range of elements: 


Per Cent of Element 


Carbon 0.084— 0.106 
Manganese 3.55 -— 4.65 
Silicon 0.24 - 0.50 
Chromium........ 18.43 -20.43 
Nickel ...... 9.61 -10.98 
Molybdenum 0.07 1.68 


This equation is used-as a basis for the present paper, but 
when rewritten in the form which is used later, it 
appears as follows: 
(Cr + 2 Mo — 16)? 
Post and Eberly have also developed an equation to 
express the effectiveness of the several elements in stain 
less alloys to ‘‘prevent the formation of pseudo-marten 
site from the nonequilibrium austenite during cold 
working."’ Their equation is similar to the Newell 
Fleischman equation, but it differs in the specific factors 
for molybdenum and carbon. The Post and Eber) 
equation takes the following form: 
(Cr + 1.5 Mo — 20)? Mn a5 4 
12 2 
To be fully stable, the nickel must exceed the value 
computed. The equation was developed for alloys 
within the following range of composition: 


Ni + 0.5 Mn + 30C = 


Ni 


Per Cent of Element 


Manganese... 0.40- 4.00 
Silicon....... Sess 0.30- 0.50 
Chromium....... 14.00-25.00 
Nickel... .. 7.50-21.00 
Molybdenum. . Nil- 3.00 


This range is broader in scope than the range given b) 
Newell and Fleischman. 

Other investigators have also noted this apparent 
lationship between the elements with respect to their 


OCTOBER 


El 


Nick 
Carb 
Man; 
Chro 
Moly 
Colu 


aust 
has 
alloy 
Bind 
the 

bear 
elem 
the f 
elem 
minc 
maj¢ 
the ¢ 
preci 
to W 
For 
sider 
tions 
of 2 


the 
coluy 
alle NV 
effec 

tive 
| 
rt 
mati 
infor 
simi] 

me 
wrou 


£55 | 
| 
— 
Titar 
ef 
bth 
- 
4 
9 
ak 
14 
ly 


—Compraison of Multiplying Factors Proposed b 
Table Several Authors 


Newell- Thielemann 
Fleisch- Post- Con- Campbell- 
Element man® Eberly Actual verted’ Thomas 

Carbon 30 3a 13.3 
Manganese 0.5 0.5 — 2 0.67 " 
‘*hromium 1 1 
Molybdenum 2 15 + 4.2 4.2 1.5 
Columbium “- + 4.5 4.5 2 
Silicon . + 5.2 5.2 tin 
Titanium + 7.2 ra 


* Factors also used by Feild, Bloom and Linnert. 
’ Using nickel and chromium as unity. 


qustenite- or ferrite-promoting tendencies. Thielemann"™ 
has shown (see Table 1) the effectiveness of the various 
alloys on the broadening of the gamma loop. Franks, 
Binder and Bishop’ have made an extensive survey of 
the microstructures of molybdenum- and columbium- 
pearingalloys. Their investigation reveals that the minor 
elements do not have absolute equivalent factors; 
the factors depend upon the actual amounts of the major 
elements, and possibly upon the actual amounts of the 
minor elements, and will vary as the amounts of these 
major and minor elements vary. This concept makes 
the calculation of equivalents more difficult, but also more 
precise. Before these variable factors can be applied 
to weld metals, more information must be obtained. 
For the present the individual multiplying factor is con- 
sidered to be constant over the entire range of composi- 
tions. Campbell and Thomas” in their investigation 
of 25-20 chrome-nickel weld metal have shown how 
the combination of chromium, molybdenum and 
columbium influences the mechanical properties of that 
illoy. They report that molybdenum is 1.5 times as 
effective as chromuim and columbium is 2 times as effec- 
tiveaschromium. Their formula is: 


Chromium equivalent = Cr + 1.5 Mo + 2 Cb 


[he various authors mentioned have furnished infor- 
mation of very practical nature when all of that 
information is collected and applied to the welding of dis- 
umilar metals. The diagram of Maurer is an excellent 
me to reveal the attendant microstructures of the 
wrought chrome-nickel alloys. The Newell-Fleischman 


Table 2—Equivalent Compositions and Metallographic Results of Single-Bead-Deposits 


and Feild, Bloom and Linnert equations can be applied 
almost directly to weld metals. A combination of this in 
formation should result in a microstructure diagram for 
weld metals from which the structure of weld metal re 
sulting from deposits on dissimilar metals can be pre 
dicted. 


Experimental Procedure 


The author has drawn upon previous experimental 
work* in which eight austenitic electrodes of different 
analyses were deposited on two different base materials, 
namely, mild steel and S. A. E. 4340 steel. Welding 
variables were held constant for each bead. Electrodes 
were */,,-in. in diameter, the welding current was 165 amp. 
27v., reversed polarity; the speed of travel was 6 in. 
per minute; the size of the base plate was '/» x 2 x 6in; 
and the plate was not preheated. Only one stringer 
bead was laid on each plate, with no weaving. A small 
slice 1 in. from the start of the weld was removed for 
metallographic examination and remainder of the bead 
was chipped for chemical analysis. A total of 18 micro- 
structures of these single-bead-deposits on mild steel and 
S.A.E. 4340 steel were examined and compared with 
their corresponding chemical analyses. The results 
are presented in Table 2. 

More recently, additional data (Table 3) have been 
collected using completely different procedures. The 
micro specimens were taken from the ends of standard, 
nondilution type all-weld-metal tensile specimens which 
were prepared «using */js-in. diam. electrodes according 
to the procedure outlined in the A.S.T.M.-.A.W.S. Tenta- 
tive Specification A 298-46T. Chips for chemical 
analysis were taken from weld pads prepared in accord 
ance with the same specification. The electrodes used 
in the investigation are listed in Table 4 and the typical 
range of elements is given. 

Before a certain alloy or weld metal composition can 
be located on the Maurer diagram, the various elements 
present must be expressed in terms of either nickel or 
chromium. The austenite-forming elements, nickel, 
manganese, and carbon, must be expressed as one equiv 
alent value, and the ferrite-forming elements, chromium 
silicon, molybdenum and columbium, must be expressed 
as another equivalent value. Multiplying factors used 


* The original data were obtained by the author while employed by the A. O 
Smith Corp. Part of this work was presented in the author's thesis.* 


Equivalent 
Alloy Electrode sase Observed compos ition Alloy 
No. Type Name Metal Dilution C Mn Si Cr Ni Mo Cb Chromium ckel Structure No. 
1 36 19-9 MS 23 05 .86 .62 14.17 8.65 -- -- 15.72 10.58 A+ Mart. 1 
7 19-9Cb MS 28 -O6 1.11 .65 14.76 8.44 -- .46 17.30 10.91 A+32F+M 2 
5 307 19-9Mn MS 27, 40 .08 2.08 .40 12.55 6.77 .80 -- 14.99 10.21 A + Mart. 3 
4 307 19-9Mn MS 26 -10 2.04 .33 12.72 6.66 .90 -- 15.16 10.68 A + Mart. 4 
S17  19-9Mo MS 27 -04 1.06 .54 15.17 9.49250 -- 21.02 11.22 A+6ZF 4M 5 
S 317 19-9Mo MS 28 -08 1.10 .54 14.12 9.072.50 -- 19.97 12.02 A+ 4Z4F 6 
i 99 25-12 MS 27 -05 .92 .63 17.75 10.87 -- -- 19.33 12.83 l0OZA 7 
> 309Cb 25-12Cb MS 31, 36 .08 1.06 .43 17.26 10.21 -- 79 19.91 13.14 A+ 34F 8 
> S10 25=20 MS 24 -06 1.21 .46 19.06 15.21 -- -- 20.21 17.61 lOOZA 9 
2 308 19-9 4340 27, 35 .11 .90 .58 13.58 8.35 -- -- 15.03 12.10 A + Mert. 10 
19-9Cb 4340 38 -12 1.17 .56 13.92 8.60 -- .47 16.26 12.86 A+22F+M 
~ S07 19-9¥m 4340 35 -16 2.19 .40 12.20 6.83 .83 -- 14.69 12.72 A + Mert. 12 
4 S07 19-9¥n 4340 29, 38 .14 2.08 .41 11.64 6.19 .60 -- 14.10 11.43 A + Mart. 13 
: $17 19-9¥0 4340 31 -10 1.13 .59 13.88 9.192.54 -- 19.91 12.75 A+IlZF 14 
18 209 19-9M0 4340 30, 41 .12 1.18 .62 14.21 9.52250 -- 20.26 13.71 lOOBA 15 
1? 309 25-12 4340 38 -12 1.01 .58 15.82 10.26 -- -- 17.27 14.36 lOOZA 16 
18 — 25-12Cb 4340 25 -12 1.28 .57 16.40 10.01 -- .74 19.30 14.13 A+ 46F 17 
. 25-20 4340 29, 34 .13 1.24 .59 18.50 15.43 -- -- 19.97 19.95 lOOZA 18 
1947 
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Table 2—Equivalent Compositions and Metallographic Results of All-Weld -Metal Groove Depesits 


Alloy Electrode 
Type Name Mn Sst 


20 308 19-9 1.63 .46 19.83 11.12 
21 19-9 1.56 .55 21.99 10.40 
22 19-9Cb 1.70 .66 19.48 9.72 
23 19-9Cb 1.80 .59 19.18 11.19 
24 25-12 1.73 .51 23.01 14.16 
25 25-12Cb 1.54 .73 22.59 14.20 
26 25-20 1.24 .43 25.25 21.68 
27 25-20 1.59 .59 25.74 21.66 
28 25-20 1.61 .16 26.00 21.39 
29 25-20 1.50 .45 27.62 21.40 
30 30-20 1.51 .52 30.55 21.24 
31 29-9 1.90 .39 28.22 10.24 
32 29-9 2 1.84 .46 31.42 9.61 


33 1.80 .47 26.55 


34 2.01 .46 


tor the computation are based on the previously men- 
tioned references. No value has been suggested for sili- 
con and therefore a value of 2.5 has been assumed. This 
value is based on other experimental evidence in the 
author’s laboratory, and while the accuracy may be 
questioned, for wide variations in silicon, it is believed 
to be reasonably accurate for the experimental range of 
0.16 to 0.73% silicon. It is also proposed that 1.8 
should be used for the molybdenum factor because this 
value more accurately reflects the experimental evidence 
of the present investigation. Considering columbium- 
bearing alloys, it is doubful whether any of the carbon and 


Fig. 2—-Alloy No. 1. Type 308 Electrode on Mild Steel. 
0.05 C, 14.17 Cr, 8.65 Ni. Austenite + Martensite. 500 


WELDING RESEARCH SUPPLEMENT 


Composition 
Ni Cb Nickel 


10.01 


Equivalent 


Structure 


20.51 12.80 6 to 72 PF 


20.98 13.82 1 to 22 PF 
23.37 2.58 9% F 

22.56 12.69 + 6 to 82F 
21.98 14.27 + 26 F 


24.28 18.80 l1lOOZ A 


25.79 17.04 A + 4 to 


100% A 

100% A 

100% A 

100% A 

26.79 A + 12% (F+Sigma) 
15.09 + 25% F 


26.32 26.35 


27.21 26.05 
26.40 25.19 
28.74 26.95 
31.75 
29.20 
32.57 55% F 


16 to 20% F 


14.13 
13.76 


13.95 17 to 20% F 


columbium react to form columbium carbide in an as- 
deposited weld metal. Hence it will be assumed that 
all carbon and columbium are in solution. When 
columbium is present, the equivalent factor of 2 is as- 
sumed. Campbell and Thomas" have used a factor of 
2 as the chromium equivalent and this is also in agree- 
ment with the relative values of molybdenum, colum- 
bium and silicon reported by Thielemann'‘ (Table |). 

It must be emphasized that an element must be in so 
lution to be effective as either an austenite- or ferrite 
promoter. For example, if a carbide is precipitated, the 
two elements forming the carbide are not available for the 


¢ 


|. 

Fig. 3—Alloy No. 2. Type 347 Electrode on Mild Stee 

0.06 c 14.76 Cr, 8.44 Ni, 0.46 Cb. Austenite + 3% Ferrite 
+ Martensite. 500 
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fig. 4 Alloy No. 3. Type 307 Electrode on Mild Steel. 
0.08 C, 12.55 Cr, 6.77 Ni, 2.08 Mn, 0.80 Mo. Austenite + 
Martensite. 500 


Fig. 6—Alloy No. 5. Type 317 Electrode on Mild Steel. 
0,04 C, 15.17 Cr, 9.49 Ni, 2.50 Mo. Austenite + 6% Ferrite 
+ Martensite. 500 
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fig. 8—Alloy No. 7. Type 309 Electrode on Mild Steel. 
0.05 C, 17.75 Cr, 10.87 Ni. Austenite. 500 


1947 


Fig. 5—-Alloy No. 4. Type 307 Electrode on Mild Steel. 
0.10 C, 12.72 Cr, 6.66 Ni, 2.04 Mn, 0.90 Mo. Austenite + 
Martensite. 500 


‘ 
. 
~ 


Fig. 7—Alloy No. 6. Type 317 Electrode on Mild Steel. 
0.08 C, 14.12 Cr, 9.07 Ni, 2.50 Mo. Austenite + 4% Ferrite. 
500 « 


ig. 9—Alloy No. 8. Type 309 Cb Electrode on Mild Steel. 
C, 17.26 Cr, 10.21 Ni, “oc” Austenite + 3° Ferrite. 
x 
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Fig. 10—Alloy No. 9. Type 310 Electrode on Mild Steel. 
0.06 C, 19.06 Cr, 15.21 Ni. Austenite. 500x 


‘ 


Fig. 12—Alloy No. 11. Type 347 Electrode on S.A.E. 4340 
Steel. 0.12 C, 13.92 Cr, 8.60 Ni, 0.47 Cb. Austenite + 2% 
Ferrite + Martensite. 500 


ype 307 Electrode on S.A.E. 4340 
Steel. 0.14 C, 11.64 Cr, 6.19 Ni, 2.08 Mn, 0.80 Mo. Austen- 


Fig. 14—Alloy No. 13. T 


ite + Martensite. 500 


606-5 


Steel. 


500 x 


Fig. 11—Alloy No. 10. Type 308 Electrode on S.A.E. 4340 
0.11 C, 13.58 Cr, 8.35 Ni. 


Austenite + Martensite. 


Fig. 13—Alloy No. 12. Type 307 Electrode on S.A.E. 4340 


Steel. 


Fig. 15—Allo 
Steel. 


0.16 C, 12.20 Cr, 6.83 Ni, 2.19 Mn, 0.83 Mo. 


ite + Martensite. 


500 


No. 14. Type 317 Electrode on 


0.10 C, 13.88 Cr, 9.19 Ni, 2.54 Mo. 
Ferrite. 500 
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Fig. 16—Alloy No. 15. Type 317 Electrode on S.A.E. 4340 Fig. 17—Alloy No. 16. Type 309 Electrode on S.A.E. 4340 d 
0 Steel. 0.12 C, 14.21 Cr, 9.52 Ni, 2.50 Mo. Austenite. 500 Steel. 0.12 C, 15.82 Cr, 10.26 Ni. Austenite. 500 
4 


~~ 


Fig. 18—Alloy No. 17. Type 309 Cb Electrode on S.A.E. 4340 Fig. 19—Alloy No. 18. Type 310 Electrode on S.A.E. 4340 
Steel. 0.12 C, 16.49 Cr, 10.01 Ni, 0.74 Cb. Austenite + 4% Steel. 0.13 C, 18.50 Cr, 15.43 Ni. Austenite. 500 
Ferrite. 500 
i 
0 
" : Fig. Alloy No. 19. Type 308 Electrode. 0.065 C, 19.58 Fig. 21—-Alloy No. 19. Type 308 Electrode. Same as Fig. 20, 


r, 10.01 Ni. Austenite + 6% Ferrite. 500 Different Location. Austenite + 7% Ferrite. 500 
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Fig. 22—-Alloy No. 20. Type 308 Electrode. 


0.063 C, 19.83 
Cr, 11.12 Ni. Austenite + 1% Ferrite. 


500 x 


Fig. 24—Alloy No. 21. 
Cr, 10.40 Ni. 


Type 308 Electrode. 


0.08 C, 21.99 
Austenite + 9% Ferrite. 


500 x 


Fig. 26—Alloy No. 22. Type 347 Electrode. 


Same as Fig. 25, 
Different Location. 


Austenite + 8% Ferrite. 500x 
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Fig. 23—-Alloy No. 20. Type 308 Electrode. Same as Fig. 22, 
Different Location. Austenite + Ferrite. 
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Fig. 25—Alloy No. 22. T 347 Electrode. 0.071 C, 19.48 
Cr, 9.72 Ni, 0.67 Cb. Tatientes + 6% Ferrite. 500» 


Fig. 27—Alloy No. 23. Type 347 Electrode. 0.073 C, 19.18 
Cr, 11.19 Ni, 0.67 Cb. Austenite + 2°% Ferrite. 
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Fig. 28—Alloy No. 23. Type 347 Electrode. Same as Fig. 27, Fig. 29—Alloy No. 24. Type 309 Electrode. 0.126 C, 23.01 oy 
22. Different Location. Austenite + 2% Ferrite. 500 Cr, 14.16 Ni. Austenite. 500 a 


9.48 Fig. 30—Alloy No. 24. Type 309 Electrode. Same as Fig. 29, Fig. 31—Alloy No. 25. Type 309 Cb Electrode. 0.063 C, GE! 
0 Different Location. Austenite. 500 22.59 Cr, 14.20 Ni, 0.69 Cb. Austenite + 4% Ferrite. 250 fs 


4 


“ Fig. 32—Alloy No. 25. Type 309 Cb Electrode. Same as Fig. Fig. 33—Alloy No. 26. Type 310 Electrode. 0.135 C, 25.25 = 
19. 31, Different Location. Austenite + 8% Ferrite. 250X Cr, 21.68 Ni. Austenite. 1000 7. 
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Fig. 34—-Alloy No. 27. Type 310 Electrode. 0.12 C, 25.74 Fig. 35--Alloy No. 28. Type 310 Electrode. 0.10 C, 26.00 
Cr, 21.66 Ni. Austenite. 500 Cr, 21.39 Ni. Austenite. 1000 


Fig. 36—Alloy No. 29. Type 310 Electrode. 0.16 C, 27.62 Fig. 37—Alloy No. 30. Type 310 + Cr Electrode. 0.16 C 
Cr, 21.40 Ni. Austenite. 250 30.55 Cr, 21.24 Ni. Austenite + 12% (Ferrite and Sigma) 
1000 « 


5 


Fig. 38—Alloy No. 33. Type 312 Electrode. 0.12 C, 26.55 Fig. 39— No. 33. Type 312 Electrode. Same as Fig 38, 
Cr, 9.26 Ni. Austenite + 20% Ferrite. 500 Different Location. Austenite + 16% Ferrite. 500» 
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Fig. 40—Alloy No. 34. Type 312 Electrode. 0.12 C, 26.93 
Cr, 9.35 Ni. Austenite + 17° Ferrite. 500 


formation of austenite or ferrite and hence cannot be 
included in the computation. From this it will be 
seen that the formation of compounds and nonmetallic 
inclusions can affect the microstructure of an alloy, but 
until these compounds and nonmetallics can be deter- 
mined by analysis, there is little that can be done to 
to solve the problem. 

On the basis of the work previously cited, the following 
computation factors for the calculation of equivalents 
are proposed. 


To calculate Nickel (Austenite-forming ) Equivalent, 
add: Ni + 0.5 Mn + 30C 

To calculate Chromium (Ferrite-forming) Equivalent, 
add: Cr + 2.5 Si + 1.8 Mo + 2 Cb 


Two examples will illustrate how the calculations 
are made. 


(1) Alloy No. 6—Molybdenum bearing 


Equivalent 
Composition 
Analysis Factor Chromium Nickel 
Carbon 0.08 30 2.40 
Manganese 1.10 0.5 bi 0.55 
Silicon 0.54 2.5 1.35 
Chromium 14.12 1.0 14.12 
Nickel 9.07 1.0 a 9.07 
Molybdenum 2.50 ‘2 4.50 
19.97 12.02 
(2) Alloy No. 8—Columbium bearing 
Equivalent 
Composition 
Analysis Factor Chromium Nickel 
Carbon 0.08 30 mn 2.40 
Columbium 0.79 2 1.58 * 
Manganese 1.06 0.5 a 0.53 
Silicon 0.43 2.5 1.07 
Chromium 17.26 1.0 17.26 
Nickel 10.21 1.0 10.21 
19.91 13.14 


The equivalent compositions of all alloys listed in 
Tables 2 and 3 were calculated in a similar manner. The 
'eport of the microstructure is also given in Tables 2 and 
Jand most of the actual microstructures are presented 
in Figs. 2 to 41. 

All equivalent compositions were then plotted on the 
Maurer diagram as shown in Fig. 42, and the pertinent 
phase boundaries for weld metals were discriminated and 
drawn. The equation of the new phase boundary be- 
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Fig. 41-—Alloy No. 34. Type 312 Electrode. Same as Fig. 40 
Different Location. Austenite + 20% Ferrite. 500 


tween fully austenitic alloys and alloys composed of 
austenite-plus-ferrite differs from the Newell-Fleischman 
and Feild-Bloom-Linnert equation fn the final constant 
term and is expressed as follows: 
where (Ni) = Nickel equivalent and (Cr) = Chromium 
equivalent. The sitet equation becomes: 
Ni + 0.5 Mn + 30C 
(Cr + 1.8 Mo + 2.5 Si + 2 Cb — 16)? 
12 

The equation can be used to determine whether a weld 
metal is fully austenitic or partially ferritic without re- 
ferring tothe diagram. If the actual nickel equivalent of 
the alloy is greater than that given by the above equation 
the alloy will be fully austenitic; if less, it will be par- 
tially ferritic. The heavy “horizontal”’ line in Fig. 42 
shows the approximate boundary between alloys con- 
taining martensite and alloys which are either fully aus- 
tenitic or partially ferritic. It should be noted that the 
origin of the diagram is at zero per cent of all ele- 
ments, whereas the original Maurer diagram had a datum 


level of about 0.40 manganese, 0.30 silicon and 0.10 car- 
bon 


+ 12 


Dilution Direction Lines 


The new diagram can now be applied to the welding 
of dissimilar metals. When welding on a dissimilar 
base metal, the resulting weld deposit will have a com- 
position different from either the base metal or the elec- 
trode. The results of the single-bead-deposits presented 
in Table 2 are evidence of this dilution effect. Actual 
measurements on the cross sections of these single-bead- 
deposits shown in Table 2 revealed that the dilution var- 
ied between 23 and 41%. In some cases, more than one 
dilution measurement was taken on a bead and it should 
be noted that the variation is pronounced even in the 
same bead. In future work caution should be exer- 
cised in the selection of samples for measuring dilution 
and chemical analysis. Samples chosen too close to the 
start of a weld are not likely to reveal equilibrium 
welding conditions. Furthermore, the variation might 
have been minimized if the deposits had been mack 
with an automatic welding head, which would have 
dismissed the human element. 
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30+ PHASE DIAGRAM FOR WELD METAL _ IN 
AS-WELDED CONDITION. ORIGINAL MAURER « 
8 DIAGRAM SHOWN IN LIGHT LINES. 
O aust. 
A © 
A+M+FEF 
+ 20 AUSTENITE 
= + 
FERRITE 
& 6 
© 
z 14 o” 
3 33 32 
4 A+M 2 
10 a 
3 
(A+M+F) 
8 L 1 i 1 i i 
CHROMIUM EQUIVALENT = [Cr+2.5 Si +18Mo +2 Cb] 


FIGURE 42 


The plotting of the electrode composition and the carbon content and the nominal content of other ele- 

Ne weld bead composition on the structure diagram is a mentsare inserted in the formulas and the regular compu- ‘ 

BR relatively simple procedure. The term “‘electrode com- tations are followed in order to establish the apparent 
ie position’ invariably refers to the composition of the location of the base metals on the Maurer diagram 


se undiluted weld metal and not to the composition of the The compositions of several base metals are listed in 
is core wire. The plotting of the equivalent base metalcom- Table 6. 
position, however, is complicated by the oxidation of The locations of the electrode, weld deposit and base 
aa carbon which apparently occurs dur- 


ing welding. After a number of trial 
and error calculations using the 


ae, mild steel and S.A.E. 4340 steel Table 4—Chemical Analysis Ra £ Electrod 
data of Table 2 it was estimated that 


about 50% of the carbon of the 4340 Chemicel Analysis Secenaitace 
ae base metal and about 88% of the men 
a carbon of the mild steel base metal Type C¢ Mm St Gr Ni Ho Cb Chromium Nickel 
is lost through oxidation during 308 Mir. .c6 1.0 x0 19 9 -- 19.75 11.30 
welding. When these correction fac- Mex. .C8 2.0 .75 21 11 _ _— 22.63 14,40 
fh tors are applied, good agreement is wae M 
actual values of carbon in the weld je 
deposit. Less carbon is recovered 307 Min. 3.20 .30 16 9 -- 18.75 42.75 
from the mild steel probably because Max. .17 4.75 .80 20.6 10.7 1.10 -- 24.41 12,17 
of the low silicon content of the mild Min. .06 1.C .30 17 20.90 13.30 
eee S- steel. Table 5 shows all values ob- Max. .C6 2.0 .75 19 14 2.50 -- 25.38 17.40 
tained when employing a carbon 
50% for 4340 and 12% for mild 
steel and an average dilution value 309 Min, .07 1.0 .30 22 12 -- <= 22,75 14,60 
es of base metal of 32%. A bettercal- Max, .12 2.0 .75 25 15 —- —- £6.66 anes 
culation of carbon recovery would 309Cb Min. .C? 1.0 .30 22 12 sil .70 24,15 14,60 
ee have been possible if analyses of the Max. .10 2.0 .75 25 256 -- 1.00 26.88 19.00 
electrodes had been made, but for yin. 1.0 .20 25 20 23,20 
— the assumed values must Max, .15 2.C .75 26 23 29.88 28, £0 
used. 
of for the oxidation of carbon, the net ————— = 
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metal can now be established on the Maurer diagram. This line reveals the resulting path of dilution and the 
Theoretically all three of these points must fall along a_ infinite number of possible weld deposit compositions. 
straight line because proportionalamountsofcomposition If the amount of dilution or penetration is known, the 
are involved. This fact forms the basis for the concept exact composition of the weld deposit can be predicted. 
of dilution direction lines. Given a specific base metal The method is of most value not for predicting the exact 
and a specific dissimilar electrode, the two points are weld metal composition, but for observing the trend of 
plotted on the diagram and joined by a straight line. dilution and the range of possible weld deposit composi- 


Table 5—Results of Calculations Allowing for Oxidation of Carbon 


Alloy (A) (B) (Cc) (D) (E) (F) (G) 
Wo. Electrode Carbon Carbon Carbon Total Total Error 
Content of Available Available Theoretical Actual 
Electrode from (a) from Base Carbon Carbon 
(Average) Electrode (C + D) 


Mild Steel Base - (.13 Carbon) 


1 308 .07 .05 .055 .05  +.005 
2 347 205 005 2005 
3 307 12 2005 -085 -08 +.005 
4 307 212 2005 -085 210 -,O18 
5 316 207 05 e905 «055 +.015 
6 317 05 -005 2055 -.025 
7 309 -070 205 +.020 
8 309Cb -085 2005 2965 =-.915 
9 310 12 -085 +.025 
+.O17 
SAE 4340 Base - (.38 Carbon) 
10 308 .07 .05 .00 
ll 347 «07 205 ell 12 
12 307 012 14 216 -.02 
13 307 214 14 -00 
14 316 ell 210 +.01 
15 317 95 ell 12 -.0l1 
16 309 125 12 +.005 
17 309Cb -085 12 12 
18 310 12 06 214 +.01 
4.007 
(a) = (Carbon Content of Electrode) X (68% Dilution) 
(b) = (.13% Carbon X 12% Recovery X 32% Dilution 
(c) = (.38% Carbon X 50% Recovery X 32% Dilution 
Table 6—Compositions of Base Metals 
Equivalent 
— ———Chemical Composition— Composition 
Name Carbon Manganese Silicon Chromium Nickel Molybdenum Chromium Nickel 
Mild steel 0.13 0.48 0.06 0.15 0.70 
S.A.E. 4340 0.38 0.74 0.26 0.84 1.67 0.30 2.03 7.74 
Timken 16-25-6 0.08-0.10 1.00-2.00 0.30-1.00 15.00-17.00 24.00-27.00 5.50-7.00 
Sample Calculations 
Equivalent Composition 
Mild Steel Analysis, % Chromium Nickel 
Carbon 0.13 (12% Recovery) pe 0.46 
Manganese 0.48 con 0.24 
Silicon 0.06 0.15 
15 0.70 
S.A.E. 4340 Steel 
Carbon 0.38 (50% Recovery) 5.70 
Manganese 0.74 — 0.37 
Silicon 0.26 0.65 nae 
Chromium 0.84 0.84 
Nickel 1.67 ee 1.67 
Molybdenum 0.30 0.54 
2.03 7.74 
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tions. The dilution direction lines can be indexed to 
show the amount of dilution, ranging from zero per cent 
at the electrode location to 100% at the base metal 
location (see Fig. 43). The concept of dilution direction 
lines in more simple form was also used by Thomas® in 
explaining the desirability of using a 25-20 electrode 
for welding armor. 

Dilution direction lines are plotted in Figs. 43 to 49 for 
all of the single-bead-deposits listed in Table 2. Each 
diagram shows what occurs when one electrode is de- 
posited on the two base metals, S.A.E. 4340 and mild 
steel. The exact composition of each electrode was not 
known, but if the electrode composition falls within the 
ranges listed in Table 4 then the location of that electrode, 
on the diagram, will lie within the confines of the elec- 
trode quadrilateral (Figs. 43-49). The exact location 
of each electrode on the diagram was then found by the 
trial and error method so that two conditions were met, 
namely: (1) both dilution direction lines should pass 
through the actual weld bead location and (2) the actual 
and theoretical values of percentage dilution on each 
dilution direction line should agree. 

_In Fig. 43 are shown the dilution direction lines for 
single-bead-deposits of a type 308 electrode on S.A.E. 
4340 and mild steel. The line joining the 308 electrode 
and S.A.E, 4340 steel represents the infinite number of 
possible weld bead compositions depending only upon 
the degree of dilution encountered. The heavy portion 
ol the line, extending from 23 to 41% dilution, represents 
the actual range of dilution encountered in this investi- 
gation, and the actual weld deposit analysis should 
theoretically fall within the heavy portion of each di- 
lution direction line. The actual weld deposit com- 
positions are represented by small circles. By observing 
the relationship between the circle and the heavy portion 
of the line, an estimate is obtained of the agreement be- 
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tween the theoretical prediction and the actual com- 
position of the weld deposit. The agreement between 
the actual and theoretical values is gratifying, but it must 
be remembered that error is possible because of the as- 
sumed electrode composition. The extent of agreement 
using electrodes of other analyses is shown in the re- 
maining Figs. 44 to 49. Alloys numbered 5 and 14 in 
Table 2 were originally thought to be deposited from 
type 316 electrodes. However, because of the simi- 
larity of all elements (comparing alloy 5 with 6, and 14 
with 15) it was judged that type 317 electrodes were used. 
This assumption is further verified by observing the di- 
lution direction lines shown in Fig. 46. 


Practical Considerations 


The change in microstructure occurring when welding 
on a dissimilar metal can be observed by following a 
dilution direction line in any of the diagrams from Figs. 
43 to 51. Several electrodes are plotted in Fig. 50, and 
according to this diagram, a type 308 electrode may 
have a structure of either 100% austenite, or austenite- 
plus-martensite, or martensite-plus-troostite when de- 
posited on S.A.E. 4340 steel. In this case, dilution 
will produce a partially martensitic deposit when the 
dilution is in excess of about 15%. If a fully austenitic 
deposit is desired then a type 310 electrode should be 
used. The deposit will be fully austenitic for dilutions 
up to 60%. On the other hand, if a certain amount 
of ferrite is desired, then a type 312 electrode should 
be used; dilution up to about 35% can be tolerated 
before martensite will appear. 

It has been reported by Feild, Bloom and Linnert*® and 
by Thomas” that a small amount of ferrite in an austen- 
ite matrix is distinctly beneficial for the prevention of 
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weld metal cracks. Under conditions of severe restraint 
or severe notching, reports have been received that a 
25Cr —- 20 Ni (fully austenitic) weld deposit will crack, 
but under the same conditions a 19Cr —9Ni (partially 
ferritic) deposit will not crack. The small amount of 
ierrite has a beneficial effect. If a certain amount of fer- 
rite is desired, the diagram can be used as a first approxi- 
mation in determining how much ferrite will be present 
when dilution is encountered. Since the direction of the 
dilution direction line for a type 310 electrode welded 
ona low-alloy steel is away from the austenite-plus-ferrite 
region, no amount of dilution (with mildor low-alloysteel) 
will render the weld deposit partially ferritic (see Fig. 50). 
if a partially ferritic deposit must be obtained when weld- 
ing on a low-alloy steel, the best electrode is type 312; 
39% dilution can be tolerated before the deposit will be 
iully austenitic or partially martensitic. 

Other base metals like 12 chrome-steel, 16 chrome-iron 
4S chrome-iron and Timken 16—25-6 alloy can be located 
on the diagram. The dilution lines are drawn from the 
electrode to the base metal and the results of dilution can 
be seen at a glance. In Fig. 51 the base metal selected 
is 28 chrome-iron. Type 330 (15Cr—35Ni) is the only 
electrode which can be used if a fully austenitic deposit is 
desired. Types 310, 309, 308 and 312 electrodes will 
yield deposits having various amounts of ferrite. 

The diagram can be used to solve more complex prob- 
lems. If two dissimilar ferrous metals are joined by an 
tlectrode having a third analysis the resulting weld 
analysis can be predicted. This type of problem is en- 
countered in root passes of butt welds, lap joints and tee- 
illets. For example, in gas turbine rotors S.A.E. 4340 
and Timken 16-25-6 are welded with type 312 (29-9) 
electrodes. Lines are drawn between all three analyses 


used, forming a triangle ABC as shown in Fig. 52. If 
equal amounts of both base metals are melted when de- 
positing the root bead, the line AD is drawn to intersect 
BC at D, the midpoint of BC (50% of each base metal). 
Dilution marks are laid off on line AD. If in the root 
pass 40% dilution occurs, the weld bead will have a com- 
position of 24(Cr)— 15 (Ni) and will be partially ferritic, 
resulting in a metal which has high resistance to weld 
bead cracking. 


Summary 


A phase diagram for austenitic type weld metals 
based upon nickel and chromium equivalent values has 
been presented. The nickel and chromium equivalent 
values are computed by the equations, 


(Ni) Ni + 0.5 Mn + 30C, and 
(Cr) = Cr+ 1.8 Mo + 2.5 Si + 2 Cb 


The experimental data, thus plotted on the phase diagram, 
indicate a boundary line between fully austenitic weld 
metals and welds composed of austenite-plus-ferrite. 
This line is expressed mathematically by the equation, 
((Cr) — 16]? 
12 

This equation is in the form used by previous investiga 
tors, but the constant term has been modified. 

The experimental data have been obtained from sev- 
eral series of experiments. In one of these series the 
weld beads were deposited on dissimilar base metals 
which has led to the concept of dilution direction lines. 
By drawing a straight line on the weld metal phase dia- 


(Ni) 


+ 12. 
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gram between the two points representing the base metal 
and undiluted weld metal compositions, a reasonable esti- 
mate of the composition and microstructure of the weld 
‘bead can be obtained for any assumed dilution value. 
This concept is applicable to the problem of selecting 
electrodes for welding dissimilar metals. For example, 
when welding S.A.E. 4340, it has been shown that a root 
pass with a 25/20 electrode will be fully austenitic with 
dilution values up to 60%; when 29/9 is used, the weld 
structure will be austenite-plus-ferrite (which is less sus- 
ceptible to cracking) with dilution values up to 35%. 
The principle can also be applied to the more complex 
problems encountered in the gas turbine field where two 
different alloy steels are welded with a third composition 
of electrode. 
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Macro-Etching and Photomacrography 
of Ferritic and Austenitic Welded 
Joints in Low-Alloy Steel 


By O. O. Miller and E. G. Houstont 


Abstract 


Procedures are described for macro-etching and photographing 
polished sections of welds made with ferritic or austenitic electrodes 
in base metal of low-alloy steel; these are designed to show the 
position, size, and macrostructure of weld metal in the several 
passes and to indicate the various macrostructural zones of the 
heat-affected region of base metal. Emphasis is placed on light 
macro-etching of a highly polished surface because frequently much 
of value is lost by heavy macro-etching of a roughly ground sur- 
face. A procedure for photographing fractured surfaces is also de- 
scribed. This information will, it is hoped, be of use and interest 
to metallurgists and engineers concerned with welding, though the 
procedures may not work equally well under ail conditions or on 
all welds. 


Introduction 


N THE study of welds it is important to be able to 
macro-etch a section transverse to the welding direction 


* The results described herein are a portion of those obtained on a project 

msored by the National Defense Research Committee of the Office of Scien- 
tife Research and Development and assigned to the Research Laboratory, 
United States Steel Corp., Kearny, N. ° Scheduled for Twenty-Eighth 
Annual Meeting, A. W. S., Chicago, Ill., week of Oct. 19, 1947. 

+ Research Laboratory, United States Steel Corp., Kearny, N. J. 


so as to differentiate not only between weld metal, heat- 
affected region of base metal and unaffected base metal, 
but also to gain some knowledge of the relative position, 
size, and macrostructure of each pass and the relative size 
of the various macrostructural zones of the heat-affected 
region. In a large weld it is extremely time consuming 
to examine its entire cross section microscopically at 
high magnification; consequently, much time can be 
saved by preparing a highly polished surface, such as 's 
used for metallographic work, which is then lightly 
macro-etched to reveal the areas likely to give signili- 
cant results when examined microscopically. Such macro- 
etching also reveals the skill of the welder in following 
the joint design, and reveals defects in welding procedure 
and in the over-all structure of the weld. These consid- 
erations led to the development of the macro-etcling 
procedures described herein. 

Photomacrographs of highly polished and macto- 
etched specimens are frequently needed during micro 
scopic examination of welds and for reports. Illumima- 
tion of a highly polished surface is a difficult problem " 
photomacrography, especially if it is only lightly macro” 
etched, as recommended herein. There are two possible 
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methods, (1) vertical and (2) oblique illumination. In 
vertical illumination the incident light is supplied along 
the optical axis of the lens; this is difficult to achieve in 

hotomacrography and gives poor contrast, but has the 
advantage that the print is a true positive in the sense 
that unetched areas of the specimen are light on the print 
and etched areas are dark. In oblique illumination the 
incident light reaches the specimen at an angle with the 
optical axis of the lens; the equipment is simple (see 
Fig. 5) and excellent contrast is readily obtained, but 
unetched areas appear black on the print because none of 
the light reflected from them enters the lens. Examples 
of this “reversal’’ are shown in Fig. 1 (B) in which some 
areas of weld metal near the root are dark gray or black 
because the martensite therein is etched very lightly; 
also in Fig. 2 in which the austenitic weld metal is black 
because it is unetched. In spite of this, oblique illumin- 
ation gives a print almost identical with the appearance 
of the specimen when examined visually; this similarity 
probably arises from the fact that during visual examin- 
ation the observer, to get the best illumination, moves the 


specimen until it is illuminated obliquely by the main 
light source. Consequently, only oblique illumination 
was used, its advantages are believed to outweigh any 
possible disadvantages, and the results with an impro- 
vised vertical illuminator were not encouraging. 


Cutting and Polishing of Specimens 


The cutting of representative specimens from thick 
welded plates presented many difficulties; it was finally 
accomplished satisfactorily by using a vertical metal 
band saw equipped with controls for adjusting speed and 
pressure against the work, with a device for feeding cut- 
ting oil, and with a 30 by 30-in. work table for supporting 
large heavy plates during sawing. Frequently flame 
cutting was employed to reduce the size and weight of 
the plates prior to sawing; this facilitated handling and 
lessened the time required for sawing. Following the 
cutting of a specimen, the surface to be examined was 
ground flat on abrasive belts and given a metallographic 
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Fig. 1—Transverse Section of Ferritic Welds in Base Metal of Low-Alloy Steel. 2. A and B: Manual Arc 
Welds. C: Flash Weld. D: Two-Pass Submerged-Arc Weld 
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Fig. 2—Transverse Section of Two-Pass Submerged-Arc 


Austenitic Weld in Base Metal of Low-Alloy Steel. 1.3. 
Etched by Procedure for Ferritic Welds: Base Metal Etched, 
Weld Metal Unetched 


polish by methods such as described in detail by Vilella' 
for dry papers and by Kehl? for wet lead laps, both fol- 
lowed by wet cloth laps using alumina; since these pro- 
cedures are adequately described in the references, they 
are not repeated here. 


Ferritic Welds 


After a specimen is given a metallographic polish by 
one of the methods mentioned in the preceding section, 
disturbed metal is removed by alternate polishing and 
etching with Picral. 

Macro-etching comprises: First, etching for 10 to 20 
sec. in 5% Nital, washing and rubbing on polishing cloth 
until the columnar grains in weld metal show distinctly 
(this procedure is repeated once or twice to lessen the 
light reflectivity of the surface and produce some relief) ; 
second, etching for 2 min. in Picral, rubbing the speci- 
men with cotton under running cold water to remove the 
loosely adherent deposit formed by Picral, washing with 
alcohol and drying in a current of warm air. The proce- 
dure for photographing is described in complete detail 
later. 

Typical photographs* of specimens prepared by this 
technique are presented in Fig. 1; these warrant some 
explanation : 

Figure 1 (A). This manual are weld was made with 
many passes, the boundary and heat effect of each pass 
can be seen in weld and base metals, respectively. Within 
the weld metal, the columnar appearance varies con- 
siderably because the primary dendritic structure is al- 
tered by recrystallization during deposition of succeeding 
passes. In the heat-affected region of base metal there 
are many light arc-shaped bands which, during welding, 
reached the A; temperature on the side nearer the weld and 
the A; temperature on the other side. The base metal, 
in the heat-affected region near some of the corner pas- 
ses, appears dark; microscopic examination indicates 
larger prior austenite grains and more martensite here 
than elsewhere. Several rows of Vickers’ impressions 
remain from hardness surveys made on this specimen. 

Figure 1 (B). This manual arc weld appears much 
like the preceding one except that several passes near the 
root contain martensite and, consequently, are relatively 
black. Some cracks are present. 


* The quality of the photomacrographs is unavoidably decreased consider - 
ably by reproduction. 
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Figure 1(C). This is a flash weld joining two heayy 
plates. Flow lines and the several macrostructural zones 
of the heat-affected region are well delineated. The 
light vertical line is the junction zone which was decar. 
burized extensively during welding. The two light are- 
shaped bands represent the zone of A,-A; temperature. 

Figure 1(D). This is a two-pass submerged-arc weld, 
made with automatic equipment; the second pass is on 
the bottom side. The heat-affected region consists of 
three zones: (1) an area of large prior austenite grains 
near weld metal, (2) a dark band which contains slow- 
etching martensite, (3) a light-gray area which was be- 
tween the A, and A; temperatures. The outer dark- 
gray zone is unaffected base metal. On the left side 
there is a fracture through weld metal and heat-affected 
region. 


Austenitic Welds 


When the etching procedure for ferritic welds is ap- 
plied to austenitic stainless steel weld metal in base metal 
of low-alloy steel, the base metal etches as before but the 
weld metal is unattacked, as shown in Fig. 2. Conse- 
quently, austenitic welds require another procedure. 
Chromic acid, used electrolytically, etches both austenitic 
weld metal and low-alloy steel base metal at a compar- 
able, though not identical, rate. For this etching proce- 
dure, austenitic welds are given a metallographic polish, 
as described for ferritic welds, except that alternate 
polishing and electrolytic etching for 25 to 30 sec. in the 


Fig. 3—Same Section as Shown in Fig. 2. Etched ae 
trolytically in 10% Chromic Acid. 1.3. A: Print of Uneven'y 


Illuminated Negative. B: Well-Balanced Print After Final 
Application of Red Dye to Negative 
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irom both austenitic weld and ferritic base metals. 
Macro-etching is performed electrolytically as follows: 


|. Solution for electrolytic etching: 10% (by weight) 
chromium trioxide (CrO;); 90% (by weight) 
water. 

2. Anode: Specimen to be etched. 

3. Cathode: Austenitic steel (Cr-Ni type) or plat- 
inum. 

Distance between electrodes: | to 3 in. 
5. Temperature of electrolyte: 60 to 100° F. 
A 6. Voltage source: A 6-v. storage battery or a direct- 
current generator. Sufficient resistance must 


SPECIMEN 
J 
| \ ANGLE ‘Y/2= ANGLE VON 
\ X=10 TO IS DEGREES 


SPOT LIGHT 


CAMERA 


3 


GROUND GLASS 


q NOTE: The angle x is constant for the same lens, size of speci- 
men and magnification. The optical axis of the lens and the inci- 
lec- § dent beam of light are in a plane normal to the prepared surface 


aly 4 ot the specimen. 

- q fig. 5—Schematic Arrangement of Equipment for Photo- 
q macrography of a Polished and Etched Specimen 


Fig. 4—Transverse Section of Austenitic Welds in Base Metal of Low-Alloy 
< 2. A: Manual Arc Weld. B: Two-Pass Submerged-Arc Weld 


chromic acid solution is used to remove disturbed metal - 
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with Manual Root Passes 


be used in series with the cell to give the correct 
current density. 

7. Current density: 1 amp. per square inch of total 
exposed surface area of specimen (range 0.5 to 
1.5 amp). 

8. Etching time: 2 to 7 min.; the criteria of a suit- 
able etch are macroscopic structural details in 
the austenitic weld and good contrast between 
macroscopic zones of the heat-affected region. 


An example of the results obtained by this procedure is 
given in Fig. 3. The darker areas of the weld metal in 
Fig. 3 (A) represent less etching than the lighter areas; 
such differences, which are common in austenitic weld 
metal, are probably due to differences in composition or 
structure, or both. In Fig. 3 (B) the high light has been 
eliminated by dodging, as discussed later. The appear 
ance of the heat-affected region, whether etched by one 
procedure or the other (Figs. 2 or 3) is similar, though 
the detail in the coarsened zone of heat-affected region is 
somewhat better in Fig. 2. 

Further examples of this technique are reproduced in 
Fig. 4. In the manual are weld, Fig. 4 (A), the passes 
are differentiated fairly well and the corresponding heat- 
affected regions are also revealed. In Fig. 4 (B) two 
manual passes, not remelted by the automatic passes, 
are in evidence at the root; the heat-affected region 
shows that the bottom machine pass was deposited last; 
it is easy to differentiate between (1) unaffected base 
metal, (2) heat-affected region with large prior austenite 
grains near the weld and (3) weld metal. Figure 4 (B) 
also indicates the relation between path of fracture and 
macrostructural zones of the heat-affected region. 


Details of Photomacrography 


The first essential in making good photomacrographs 
is a high-quality lens; but best results are obtained with 
a highly corrected anastigmatic lens of suitable focal 
length, such as Bausch & Lomb or Zeiss Tessar or Kodak 
Ektar lenses which, when properly used, give sharp 
images and good resolution. For high-quality work, 
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FRACTURED SURFACE 


500- WATT 


LIGHT 


500 - WATT 
SPOT LIGHT 


LENS — 
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CAMERA ——> 
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Fig. 6—Schematic Arrangement of Equipment for Photo- 
macrography of a Fractured Surface 


NOTE: The optical axis of the lens, the center line of the lights, 
and the longer axis of the fractured surface are in the same plane. 
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the lens must have an iris diaphragm for “stopping down” 
during photographing, in order to increase depth of field 
and quality of theimage. Artificial lights are practically 
indispensable for illuminating the object properly. A 
camera with a ground-glass focusing screen is preferable 
to other types. The general arrangement of camera and 
lights is described below for both flat (polished andetched) 
and irregular (fractured) surfaces. 


Polished and Etched Surfaces 


The arrangement of light, specimen, and lens for photo- 
graphing polished and etched specimens is shown in Fig. 
5. Optimum conditions with respect to even illumination 
and contrast without glare are realized when the reflected 
beam, OB, makes an angle, X, of 10 to 15° with the line, 
OC, which joins the centers of specimen and lens; this 
optimum angle, X, is a constant for the same lens, size of 
specimen, and magnification. When this angle, X, is 
smaller than 10 to 15°, it is difficult to get a good negative 
because contrast and glare, which frequently cause un- 
even illumination, increase and reach a maximum when 
the angle becomes zero; however, even when this angle 


Fig. 7—Fractured Surface of Welds. X 1. A: Manual Ferritic Weld, Weld-Metal Failure. B: Manual Aus- 
tenitic Weld, Largely Bond-Zone Failure. C: Submerged-Arc Austenitic Weld, Partial Bond-Zone Failure 
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is zero, it is sometimes possible, with unusually even il- 
jumination and a short exposure, to get a good picture of 
a low-contrast surface. On the other hand, contrast 
decreases rapidly when this angle, X, is greater than 10 

15°. 
mt is frequently impossible, because of the space taken 
by the equipment, to get the spotlight near enough to the 
camera for the incident beam, AO, to make an angle as 
small as X with center line, OC. In this case it is neces- 
sary to turn the specimen through an angle Y/2 (angle 
y/2=angle CON) to keep the reflected beam, OB, at 
angle X with the center line, OC. When the specimen is 
turned in this manner, its normal, ON, is no longer coin- 
cident with the center line, OC; therefore, on the ground 
glass the apparent size of the polished surface is reduced 
in one dimension. This reduction is small, being less 
than 4% when Y is 30°, less than 2% when Y is 20°, and 
less than 0.5% when Y is 10°. 

Details of the equipment, used in making the photo- 
macrographs in Figs. 1 to 4, follow: 


1. Lens: Carl Zeiss Apo-Tessar, 24-centimeter focal 
length. 

Camera: Eastman Century Studio, with remov- 
able 5 by 7-in. and 8 by 10-in. backs. 

Spot light: 500-watt. 

Angles X and Y: Each angle is 12° (see Fig. 5). 

Distance from light to specimen: 4 to 5 ft. 

Magnification: X 2 (X 1 to X3 can be obtained 
with this lens and camera). 

7. Lens setting: f/45. 

§. Film: Eastman Super Panchro-Press Type B. 

9. Exposure: 2 sec. 

10. Developer: Eastman DK-50. 


It is advisable to select a film with wide latitude; any 
good orthochromatic or panchromatic film is satisfactory. 
Variables such as lighting, speed of film, and the contrast 
on the specimen influence the time of exposure; with our 
equipment and technique as described above, an exposure 
of 2 sec. is usually satisfactory. Good contrast and 
gradation were obtained by using Eastman Developer 
DK-50. The developed negative is fixed in a standard 
“hypo” bath, washed for at least thirty minutes and 
dried. 

A preliminary contact print is made to learn whether a 
well-balanced print results without modification of the 
negative. The most serious cases of poor balance, which 
in effect is due to uneven illumination, are the final result 
of local differences in rate of etching, which are especially 
prevalent in austenitic weld metal. Figure 3 (A) is a 
print of an unevenly illuminated negative. Modification 
pi the density of some parts of a negative to correct this 
unevenness, which is called dodging by photographers, 
can be accomplished in at least two ways: 

|. Either one or more thicknesses of tissue paper are 
placed in the contact printer about 2 in. below the nega- 
uve and under the area of insufficient density. This 
method has the disadvantage that the amount and posi- 
ton of the tissue paper must be correctly determined by 
‘nal and error each time a series of prints is made. 

2. New coccine, a water-soluble red dye, may be used 
‘0 dodge a negative permanently. Its water solution is 
applied to thin parts by a cotton swab for large areas and a 
‘amel’s hair brush for small areas (a few drops of a wet- 
ling agent such as Aerosol lowers the surface tension of 
the dye and makes it easier to apply smoothly). Part or 
all of the dye may be washed out of the negative without 
kaving a permanent stain. This red dye partly filters 


to 


out the wave lengths of light to which printing paper is 
most sensitive; hence less light passes through the coated 
parts of the negative. The procedure consists of ap- 
plying the dye, drying and making a trial print; this is 
repeated until the right amount of dye has been applied 
to give an evenly exposed print. Figure 3 illustrates the 
improvement which can be achieved in this way. 


Fractured Surfaces 


It is frequently desirable to have a record of the entire 
surface of a fracture before cutting it into smaller pieces. 
Prior to photographing, dirt and loosely adherent products 
of corrosion, if present, should be removed from the frac- 
tured surface by cleaning with soapy water and a stiff- 
bristled brush, this should be followed by rinsing with 
alcohol and drying thoroughly. 

Whereas ordinary daylight issatisfactory for some types 
of photographs, light sources, such as flood and spot 
lights, are necessary for high-quality photographs of 
fractures and other irregularly shaped objects. The gen- 
eral arrangement of the fracture, camera and lights, is 
indicated in Fig.6. The proper arrangement is approach- 
ed by observing the image on the ground-glass screen, 
then moving and adjusting the lights until the image is 
characterized by adequate shadows and high lights to 
give it a natural appearance and to emphasize any de- 
sired details, so that the two-dimensional print may re- 
semble the three-dimensional fracture. Variations in 
texture, light reflectivity (bright vs. dull), and other 
characteristics of the fracture require some variation in 
intensity and arrangement of the lights, which is best 
worked out by experimenting as outlined above. 

For photographing fractures a panchromatic emulsion 
is preferred as it gives the most satisfactory gradation of 
tone. Steel specimens may be photographed success- 
fully with orthochromatic emulsions, preferably in con- 
junction with a yellow filter for the lens.* 4 

Details relating to the photomacrographs of the three 
fractures in Fig. 7 follow: 


1 Lens: Carl Zeiss Apo-Tessar, 45-centimeter focal 
length. 
2 Camera: Eastman Century Studio, with remov- 


able 5 by 7-in. and 8 by 10-in. backs. 

3. Distance from light to specimen: first 500-watt 
light variable but about 4 ft.; second 500-watt 
light variable but about 5 ft. 

Magnification: X 1. 

Lens setting: f/45. 

Film: Eastman Super Panchro-Press Type B. 

Exposure: 5 to 6 sec. 

Developer: Eastman DK-50. 
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‘Semiautomatic Welding with Standar 


_ Manual Arc-Welding Equipment 


Introduction and Test Procedure 


HE rapid development of welding 

processes in the past decade resulted 
in the welding industry finding itself 
acutely short of expert welding operators 
during the war. The importance of the 
thoroughly qualified welding specialist 
became obvious during World War II, 
and the difficulty of securing the necessary 
number of fully qualified welding operators 
naturally resulted in measures being 
taken to mechanize the welding operation 
whenever and wherever possible. 

The result was a considerable number of 
welding machines, as well as a number of 
automatic and semiautomatic procedures, 
which have been developed to the point 
of practical application in niany cases. 
The unquestionable advantages of fully 
automatic welding machines in many 
cases are counterbalanced by considerable 
initial expense for the equipment and the 
special jigs and fixtures and other ac- 
cessories in addition to very careful prepa- 
ration of the seam being welded. A com- 
parison of automatic and manual welding 
has proved without question, however, 
that the fully automatic processes have a 
much higher performance rate as far as 


* The statements or opinions expressed in this 
article are to be considered those of the author 
and do not necessarily express the views of the 
Ordnance Dept. Scheduled for Twenty-eighth 
Annual Meeting, A.W.S., Chicago, Ill., week of 
Oct. 19, 1947. 

+ Welding Engineer, Watertown Arsenal Lab. 


Fig. 2—Components Set Up for Copper-Bar Welding Process. 


By F. W. Myers, Jr.’ 


Fig. 1—Components for Copper Bar Welding Process. T-Joint. Grooved Copper 
Bar, Paper Insulation, Electrode 


quality and quantity are concerned and 
result in far less operator fatigue. 

In Germany, during the war, in addition 
to manual welding and various conven 
tional automatic processes, a semiauto- 
matic procedure was developed which re- 
quires no special training in welding 
technique and only moderate expense, as 
far as material necessary for the opera- 
tion is concerned. 

The copper-bar, or Elin-Hafergut,' 
procedure is a process of semiautomatic 


Electrode 


welding in which the welding operatio: 
once started, continues automatically 
This invention was made public for the 
first time by George Hafergut (the inven 
tor of the process) at a technical meeting 
in Stuttgart in 1939. Since then, nu 
merous descriptions of the method have 
been published in various German techni 
cal publications. As this process can b 
considered a wartime development, ther: 
exists in this country very little, if any 
information concerning the invention 
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Fig. 3-Copper-Bar Process. */;,-12-In. Fillet Weld. Time: 


For many years personnel in the welding 
industry have known that it is possible to 
place an electrode on a welding seam, 
then to contact its bare end with the 
source of current, complete the circuit, 
and the electrode will melt automatically 
along the weld seam. This technique of 
semiautomatic welding found no practical 
application, however, the results being 
very poor. The electrode warps and the 
core wire is subjected to excessive ohms 
heating. In addition, the electrode does 
uot stay on the seam and raises itself from 
the proper position. Also, if the current 
used is too low, the electrode will short 
circuit and stick to the base plate. 

In the copper-bar process the electrode 
lies on the seam of a butt or fillet weld and 
is covered with a copper bar provided 
with a groove that encloses and shields 
the electrode. This results in a finished 
weld having an appearance which is 
usually very good. 

Paper should be placed between the 
electrode and the work, as well as between 
the electrode and the covering bar. 
This helps to keep the electrode lying 
correctly throughout the entire length on 


6020 Electrodes 


the weld seam and to prevent any move- 
ment of the electrode, which would result 
in an unsatisfactory weld. The paper 
also serves as insulation between base 
plate and copper bar and in burning ab- 
sorbs any oxygen present in the groove. 
Thus the atmosphere in the groove is 
made nonoxidizing, which tends to im- 
prove the metallurgical qualities of the 
weld metal. 

The melting of the electrode in a more 
or less closed channel gives a rather uni- 
formly regulated and controlled arc stream 
which in turn results in a constant dep- 
osition rate of the electrode. The usual 
spattering of the electrode is prevented 
by the covering bar and the pressure of 
the bar holds the electrode in place and 
thus maintains a very steady arc. Dep- 
osition takes place under ideal conditions, 
resulting in a weld appearance which is 
difficult to obtain by manual operation 
even with skilled welders. 

The important point that must be 
stressed is that the copper bar must always 
be in its correct relative position holding 
the electrode firmly in the center of the 
welding groove or seam. A small free 


1 Min. 33 Sec. 172 Amp., 22 V., Class E- 


space should be left at each side between 
the electrode and the copper bar so that 
the slag may float freely to the surface of 
the weld, since this material increases in 
volume as the electrode is melted. Should 
the groove in the copper bar be too small, 
it is quite probable that the slag will 
cause pockmarks and other defects in the 
weld. 

This new process generally permits the 
use of electrodes of anylength. According 
to German reports,” electrodes of 3 to 15 
ft. have been used successfully. In 
laboratory tests conducted at this Arsenal, 
14- and 18-in. electrodes of #/;, and '/, in. 
diameters have been used successfully on 
welds up to 6 ft. in length (see Fig. 4) 
The only limitation on weld length will be 
the amount of electrode heating that will 
take place at the point where the current is 
introduced. 

Various tests and experiments have 
shown that the majority of heavily coated 
electrodes which are commercially avail 
able can be used successfully. Even 
high-strength electrodes and alloy elec- 
trodes may be used successfully by this 
process. The copper-bar welding opera- 


fig. 4—Copper-Bar Process. */,.—5-Ft. 10-In. Fillet Weld. Time: 
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SELF-CONSUMING ELECTRODES 


8 Min. 29Sec. 175 Amp., 26 V., Class 
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Fig. 5—-Copper-Bar Process. Double Fillet Weld, Macroetched. Right Fillet: 


Amp., 23 V. Left Fillet: 


tion is performed with the same polarity 
and nearly the same current values as 
those used for manual welding with the 
various commercial types of electrodes 
(usually averaging 10 to 20 amp. less). 

In addition to the above-mentioned 
factors, the main advantage of this new 
method seems to lie in its economy. An 
unskilled operator can perform all the 
operations required, if given the proper 
electrode, copper bar and correct current 
setting. Where long welds are required 
in structural members, e.g., trails of gun 
carriages, etc., an unskilled operator 
should be able to make simultaneously 
2 to 4 welds with proper jigging and clamp- 
ing equipment. 

As can be seen by Figs. 1 and 2, the 
electrode,’ covered with paper and the 
copper bar, is connected at the bare end 
to the electrode holder or to any corre- 
sponding current clamp, and is then short 
circuited by striking a metal wire or car- 
bon rod on the free end of the electrode. 
While the weld is being made, the operator 
is free to prepare new joints and repeat 
each of the above operations with the 
new electrodes on a regular production- 
line basis. It is possible that in produc- 
tion welding cooling of the copper splints 
would be advisable. This can be done 
easily by dipping them in water after 
each weld or drilling a hole through the 
center of the copper bar, and connecting a 
water line to the bar so that a constant 
stream of cool water flows through the 
bar. 

It is generally believed that in special 
applications, which do not require welds 
that will meet X-ray standards, an un- 
skilled operator could do as much welding 
as 3 or 4 highly skilled men specializing 
in arc welding. This is due to the fact 
that he is given the opportunity of making 
several welds simultaneously and con- 
tinuously, if special production jigs and 


Grinding Marks, Nital 
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fixtures are provided (see paragraph on 
Limitations). 

Various materials have been tried for 
the bar covering the electrodes, such as 
wood, treated wood, plastic, glass, etc., 
but copper has proved to be the element 
which gives the best all-around results 
for the bar. 


In Germany various welding experts < 


have come to the conclusion that this 
procedure 
practical importance. 
ous questions have arisen in this Labora. 
tory as to what conditions would be neces. 
sary to secure perfectly welded joints 
Among other questions were those fe. 
lating to the use of various types of elec. 
trodes. 
to whether the welds made by means of 
this process are superior to or equivalent 
to those made in the usual way by experi. 
enced and careful production welders, 

In addition, the question arises as to 
whether this copper-bar procedure re. 


could acquire considerabje 


Naturally, numer. 


The question has also arisen as 


quires particularly elaborate preparations, 
whether the most appropriate curren 
values lie within narrow limits, ete 


Numerous 


and extensive experiments 


have been undertaken in this Laboratory 
which were intended to answer the follow. 
ing questions: _A 


What are the mechanical properties 
of copper-bar welds, ascertained 
from the usual tensile tests and 
tension-impact tests, 
conformity with best 
practice? 


made in 


pt sible 


What changes occur in their proper- 
ties when the current values are 
increased or decreased ? 

What are the metallurgical proper- 
ties of the welds? 

Is it possible to make fillet welds on Test 
heavy steel sections with the 3 
copper-bar process? 

Do the welds made by the copper- 
bar process compare favorably 
both in tension and _ impact veld: 


Fig. 6—Tension Impact Specimen Welded by Copper-Bar Method A 
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Fig. 7—*/1-In. Electrode Flat 
A—E-6020, B--E-6012, C-—- D—E-6020, E— 
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properties to those made by the 
manual metal-are process? 

6. What are the metallurgical and 
mechanical property changes that 
occur when alternating current is 
used instead of direct current? 


Test Data 


lest of Fillet Welds on Low-Carbon Plate 


Thick 


In accordance with the working plan, 


the following specimens were made and 


est results were obtained. On fillet 
velds, electrodes of the E-6010 classifica- 


Fig. 9 
-E-6020, B—E-6012, 


tion were found to be relatively poor in 
general operating characteristics when 
used with this new process. Electrodes 
of the E-6012, E-6013 and E-6020 classi- 
fications were found to produce welds of 
good exterior appearance and had gener- 
ally good operating characteristics. Cer- 
tain brands showed superior operating 
qualities to those of other brands. All 
experiments and tests described herein 
were performed at this Laboratory. 
The diameter of the welding electrodes 
used, current values, etc., are given in the 
Tables 1 to 7. For the appearance of the 
finished welds made by the copper-bar 
process, see Figs. 3 to 10. 


4 


In. Electrode Flat 
C-——E-6020, D—E-6020, E—E-6020. 


Results of */\-In. Double-T Fillet Welds, 
Direct Current—Class E-6012, E-6013. 
and E-6020 Electrodes 
The specimens for the tension impact 

and tensile tests were taken from cruciform 

(double-T) fillet welds and are shown in 

Fig. 14. A review of the test data on 

double-T fillet welds made by the copper- 

bar and manual metal-arc welding tech- 
niques, using E-6012 and E-6013 4/,¢-in. 
diameter electrodes, d.-c. straight po- 
larity, shows that a fillet weld made by 
the copper-bar method having a throat 
and leg size approximately that of the 
weld made by the manual metal-arc proc- 
ess has a tensile value which is slightly 


Fig. 8—*/,»-In. Electrode Flat 
A~E.6020, B—E-6012, C—#101, D—k-6020, E—E-6012. 
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Fig. 10—'/,-In. Electrode Flat 
A—E-6020, B—E-6012, C— D— E—E-6012. 
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Table 1—*/,.-In. Double-T Fillet Welds Made by Copper-Bar and Manual-Arc Welding Techniques 


Test Cpen Tension Irmmact 
Speci- AWS Trade lect. Posi- Arce Gir. Weld Size Tensile Velues at Room 
men Qless Ware Size tion Arps. Volts Jolt. Polarity Lee Cony. Strength Tempe, ft. lbs. Methoa 
“A 0012 Mat 18 22 #6 Str. 1/4" 17,750 64.5 Copper ar 
" " 125 20 " 5/32" 5/32" 
B E6012 A 3/16" Plat 125 22 65 D.C. Str. 1/4" 5/32" 19,750 69.5 Copper Bar 
" n 185 20 " " 3/146" 5/22" f n 
Fiat 179 23 D.C. Str. 9/32" 1/4" 27,1°0 64.5 Manus) 
" " 129 2n " 7/32" 5/32" 
n fn 290 20 " 3/16" 
B E6012 A 2/16" Plat 179 «29 65 D.C. Str. 9/32" 1/4" 23,159 64.5 Manual 
" " " 129 20 " " 3/16" 5/32" " 
n n n 190 2n " " 1/4" 3/16" 
n fn 170 20 " " 5/32" 1/2" Nn 
A E5013 3 3/16" 2b 53 D.C. Str. 1/4" 5/32" 19,600 50.3 Copper 
165 23 * 5/32" 1/2" 
" 155 ou ” " 5/32" " 
B 3 3/16" Fiat 140 2h 53 D.C. Str. 7/32" 5/32" 22,000 59.8 Conper Zar 
" " 165 23 n " 3/16" 1/38" 
n 155 ot n n 3/16" 3/16" 4 
& 26013 3 Met 180 22 Str. 3/1€* 27,000 59.8 
B E-6913 3 3/16" Flat 120 «(21 5% Str. 7/%2%  27,20° 69.5 Manin) 
n 1355 22 " 7/72" 5/32" 
120 22 n 3/16" 6/32" a 


Note: All tests were made on 3/;-in. mild steel base plates. 


Table 2—*/,-In. Double-T Fillet Welds Made by Copper-Bar and Manual-Arc Welding Techniques 


Test Onen Tension Imact 
Speci- AWS Trade lect. Posi- Arc Cir. “eld Size Tensile Values at Room 
men Class ___Name Size tion Ams. Volts Volt. Polerity leg Conv. Strength Tem., ft. lbs. Method __ 
A E-6020 C 3/16" Flat 190 28 53 D.C. Str. 3/16" 5/32" 21,750 79.4 Copner Bar 
" " 200 26 ft 1/48 3/16" 
B #6020 Cc 3/16" Flat 190 28 53 B.C. Str. 3/16" 3/32" 23,900 79.4 Copper Bar 
f 195 27 " " 1/u" 3/16" 
A E6020 Cc 3/16" Flat 215 2 53 D.C. Str. 1/4" 1/8" 26,000 106.0 Yomal 
" 225 22g f " 5/16" 3/16" 
" 210 2g n 1/4" 3/16" 
n n 205 2g " 1/4" 3/16" 
B 36020 C 3/16" Flet 215 53 D.C. Str. 3/16" 1/8" 26,850 84.7 Manual 
" " 225 2g " 3/16" 
" 210 28 ° 1/4" 3/16" 
A E-6012 D 3/16" Flat 180 24 53 D.C. Str. 3/16" 5/32" 19,250 6965 Cooper Bar 
n 175 2 n " 3/16" 5/32" " 
f n 185 2 n 3/16" 3/16" 
B D 3/16" Flat 180 2 53 D.C. Str. 3/15" 1/8" 19, 700 50.3 Conner 
A D 3/16" Flat 195 20 53 Str. 1/4" 3/16" 27,350 64.5 Manuel 
f " 190 21 fr " n 1/u" 3/16" 
f n 200 20 " fn 1/u" 7/32" f 
E-6012 D 3/16" Flat 195 20 53 Str. 3/16" 18,950 Manuel 
fn 190 21 7/ 32" 3/16" 
fn 200 20 f n 1/ n 3/16" 
Note: All tests made on 3/&" mild steel base plates. — 
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Fig. 11—Copper-Bar Butt Weld 2 Ft. 5'/, In. Long, */;-In. Low-Carbon Base Plates. 
Electrodes 


less than that made by the standard 
manual metal-are process. This is shown 
in Tables 1 and 2. In contrast to the 
results obtained in the test made with the 
\/,-in, diameter electrodes, the copper-bar 
weld fillet tension-impact values made 
with */,s-in. diameter electrodes are also 
slightly lower. This is also true of the 
‘/-in. diameter Class E-6020 electrodes. 
In this case this phenomenon possibly 
ran be explained by the fact that con- 
siderably higher current values were used 
in making the manual metal-arc welds 
which would result in a weld deposit 
having the desired penetration and weld 
bead size. Also, lower current values 
used and the position of the electrode in 
the copper-bar technique are generally 
not conducive to good penetration in a 
fillet joint. 


Results of */,e-In. Double-T Fillet Welds, 
Alternating Current—Class E-6020 
Electrodes 


Ananalysis of Tables 3 and 4, containing 
lata on double-T fillet welds made with 
alternating current, shows that when 
comparable low current values are used 
the copper-bar process proves to be su- 
perior both in tensile and tension impact 
values. When the current values are in- 
creased for the manual metal-arc process 


0 that they exceed the range used in the 


copper-bar technique, then it can be seen 
that the physical values obtained by the 
manual metal-are process equal, if not 
exceed, those obtained by the copper-bar 
process for a comparable size weld. This 
s undoubtedly due to the fact that pene- 
‘ration into the corner of a fillet joint is 


obtained by the manual metal-are tech- 
nique so that, even though the weld size 
measured in the conventional manner is 
approximately the same as a copper-bar 
fillet weld, the actual weld metal volume is 
greater in a weld made by the manual 
metal-are process. 


Results of ‘/«-In. Double-T Fillet Welds, 
Direct Current.—Class E-6012 and E- 
6020 Electrodes 


From a study of test data on double-T 
fillet welds made by the copper-bar and 
manual metal-arc welding techniques, 
using '/,-in. diameter electrodes, direct 
current straight polarity, it can be stated 
that a fillet weld made by the copper-bar 
method, having a throat and leg size 
approximating that made by the manual 
metal-are process, has a tensile value 
which is as good as a standard manual 
metal-are fillet weld deposit. This is 
shown in Tables 5 and 6. Considering 
the fact that the copper-bar fillet weld is 
generally smaller, the values shown 
compare very favorably. It should be 
noted that when the Class E-6012 '/,-in 
diameter electrodes are used, even though 
the tensile values are about the same, the 
tension impact values are considerably 
lower. 

In the welds made with Class E-6020 
'/,-in, diameter electrodes, both the ten- 
sile and the tension impact values are 
generally superior in welds made by the 
copper-bar technique. This can probably 
be attributed to the fact that a Class E- 
6020 electrode lends itself better to the 
copper-bar process because of its extra 
heavy coating and general deposition 


A. C. E-6013 


characteristics plus the slower cooling 
action derived from the retention of the 
radiated heat beneath the copper bar 
which acts as a shield over the electrode 
and the weld metal. 


Results of Butt Welds Made by Copper-Bar 
Technique 


A number of butt welds were made by 
the copper-bar technique to determine its 
practical application value. These welds 
were made on various thicknesses of 
plate from '/,; to '/: in. Table 7 gives a 
typical representative tabulation of the 
results obtained. Figures 13 to 18 show 
the average penetration that is obtained 
in butt welds made by this process on one 
plate thickness. As can be seen, penetra- 
tion and appearance are not sufficient to 
meet X-ray standards, 

The butt welds shown in Figs. 13 to 17 
were made on */,-in. thick base plates. 
The plates for each test weld were pre- 
pared with different joint geometry to 
determine if the process could be used 
successfully on butt welds and if so what 
would the necessary requirements or 
limitations be to produce welded joints 
which would pass X-ray standards 
The butt weld shown in Fig. 13 was made 
with a square butt having a °/,-in. root 
gap. E-6020 electrodes, '/, in. diameter, 
were used for both sides of the joint. As 
can be seen in the illustration, penetration 
was secured under these conditions, but 
weld appearance was below minimum 
standards of acceptability. In securing 
penetration the first weld bead left a 
very noticeable undercut along the edges 
of the weld. The second weld bead had 


Fig. 12—Copper-Bar Butt Weld 3 Ft. 2'/. In. Long, */s-In. Low-Carbon Base Plates. A.C. '/,-In. E-6020 
Electrodes 
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Table 3—*/,,-In. Double-T Fillet Welds Made by Copper-Bar and Manual-Arc Welding Techni 


rent 
Test Onen Tension Impact 
Speci- AWS Trede Tlect. Are Cir. Size Posi= ning VYalues st Room Tensile 
men Class Name Size Ams, Volts Volt. Fillet Length tion Time Tem., ft. lbs. ‘Strength Method 
A £6020 3/16" 192 au 1/4" yun Flat 1:33 69.5 21,09 Conner Bay 
B B-6020 Cc 3/16" 192 24 80 1/4" 14" Flot 1:33 50.3 20,300 Copner Bey 
" 200 22° " " " " 1:28 
n 200 22 w " 1:31 
A E-6020 3/16" 184 26 20 5/16" Flat 2:0f 32.2 20, 700 
tt tt 192 25 " " 2:12 " 
B E-6020 3/16" 184 26 £0 5/16" ue Flat 2:2 23.7 19, £00 nual 
" f 182 27 n 2:12 
" cif n 192 25 " n " 2:12 " 
A E-€020 B 3/16" 175 2 a3 1/4" yun Flat 1:47 69.5 20,300 Conner Ber 
176 2 fn fn f 1:uu 
" 175 23 " " " " 1:47 " 
B E-6020 BE 3/16" 175 2% 83 1/4" 14" Flat 1:47 64.5 19,600 Conner er 
f 176 ou fn fn " tt 
" n " 176 ou " 1:43 " 
" " " 175 23 " " n " 1:47 " - 
Note: All tests made on 3/8" mild steel bese pletes. 


excessive reinforcement and still had slight 
undercut along the edges of the weld. 

The butt weld shown by Fig. 14 was 
made under the identical conditions used 
for the weld of Fig. 13 with the exception 


that a smaller root gap was used (ap- 
proximately '/i.¢in.) with the thought that 
a condition would be obtained whereby 
penetration could be secured and under- 
cut eliminated. The second of these two 


objectives was realized, but the required 
penetration was not obtained. This can 
be noted in Fig. 14. A fairly good ap- 
pearing weld has been produced, but X- 
ray standards would not be met because 


Table 4—*/,.-In. Double-T Fillet Welds Made by Copper-Bar and Manual-Arc Welding Techniques with Alternating Cur- 


rent 
Test Onen Rum ension Impact 
Speci- ATS Trade lect. 2.FC Cir. Size Wel@ Fori- ninz Values at Room Tereile 
men Class Nane Size Talte Velt. Fillet Length tion ‘Term., fte Strenct! 
A E6020 = 3/16" 165 27 2% 5/16" 1h") Plat 2:10 59.8 14. 500 
1650 2 f " 2:15 " 
3 -B-6020 = 3/16" 165 27 23.0 1k") Mlat 2:10 16, 300 
fn 160 " " " " 2:12 
A = 3/16" 200-2 Plat 79.4 2u,400 Menus! 
" 205 27 " " " 
n 205 27 n " " fn 
6020 3/16" 20 28 14" Plat 23, nu 
fn " " 205 27 n n 
" 205 27 " n 
f " 205 27 " n " 
A =-6020 Cc 3/16" 219 25 22 1/4" 14" Flat 69.5 2u,nn 
" " n 210 25, " n " " 
" 210 ou " n 
B E-6020 3/16" 210 25 82. 1/4" 14" 74.4 22, 400 
" 210 ou n " " 
Note: All tests made on 3/f" mild steel base plates. 
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—= fig. 18—A. C. ®/sg-In, Diam. Electrode E-6020, OCV 80, V., 128 Amp., 27 Arc V. 
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of the incomplete penetration of the weld. 

The next type of joint tried was a double 
bevel (45° included angle) butt joint with 
no root opening. One-fourth inch diam- 
eter Type E-6020 electrodes were used 
for both deposits. As can be seen in 
Fig. 15, adequate penetration has not 
been obtained, and there is slight under- 
cut along the edge of the weld. Larger 
electrodes were used so that more filler 
metal would be available to avoid the 
undercut edge and secure penetration by 
the use of proportionately higher current 
values. This did not give the desired 
results. In fact, it was found that in- 
stead of greater penetration being obtained 
the face of the weld merely built up, re- 
sulting in excessive reinforcement. 
Various root openings were also used in 
conjunction with different types of bev- 
eled joints, but the weld shown in Fig. 
15 was the best obtained with the size 
plate and diameter electrode used. 

Figure 15 shows the results of a double- 
vee butt joint test (45° included angle) 
made on */s-in. plate with */;. in. diameter 
E-6020 electrodes. It was thought that 
by the use of a */js-in. diameter electrode 
proper penetration and reinforcement of a 
double-vee joint on #/s-in. base plates 
would be possible. This did not prove 
successful due to the fact that penetration 
was not obtained and that excessive 
undercut resulted from the lack of filler 
metal in the joint. This is shown in Fig. 
16. The angle of plate edge preparation 
was changed and various root openings 
tried with little success. The illustration 
shown is typical of the results that can be 
expected when */;.-in. electrodes are used 
on */;-in base plates. 

A single-vee (60° included angle) butt 
joint using '/,-in. diameter E-6020 elec- 
trodes is shown in Fig. 17. As can be 
clearly seen, neither penetration nor 
minimum reinforcement was obtained. 
If complete penetration is required, then 
a joint of this type must be chipped out 
on the back side and another bead de- 
posited in addition to the extra deposit 
which would be required to obtain ade- 
quate build-up of the beveled side of the 
joint. As has been previously stated in 
this report, when multiple-pass welds 
are made, it is necessary to have a dif- 
ferent copper groove for each successive 
deposit. This is not practical for produc- 
tion purposes. When the included angle 
of the prepared plates is decreased from 
60 to 45°, the penetration decreases 
proportionately. 

In Fig. 18 a butt weld made on '/¢-in. 
base plates is shown. No plate edge prepa- 
ration was used. As can be seen, the 
weld appearance is fairly good and ade- 
quate penetration has been secured. 
The setup for butt welds on thin plate 
material is very important and consider- 
able attention must be given to correct 
joint preparation. 

The assumption that welds on light- 
gage plate can be made to pass X-ray 
standards is based on the tests conducted 
on light-gage plate ('/, in. thick). Figure 
18 illustrates the amount of penetration 
that can be generally expected with this 
method on thin plate irrespective of elec- 
trode size and current used. Extensive 
tests were not carried out due to time 
limitations and the belief that problems 
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" fig. 13-—-A. C. 1/,-In. Diam. Electrode E-6020, OCV 80 V., 260 Amp., 25 Arc V. | 
PY Ber 
i Fig. 14—A. C. '/,-In. Diam. Electrode E-6020, OCV 80 V., 260 Amp., 25 Arc V. mF 
Fig. 1S—A. C. '/,-In. Diam. Electrode E-6020, OCV 80 V., 260 Amp., 25 Arc V. 
—_ Fig. 16—A. C. */\»-In. Diam. Electrode E-6020, OCV 80 V. V., 200 Amp., 21 Arc V. * 
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fig. 17—A. C. 1/,-In. Diam. Electrode E-6020, OCV 80 V., 252 Amp., 27 Arc V. ‘ey 
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Table 5—"/,-In. Double-T Fillet Welds Made by Copper-Bar and Manual-Arc We 


Iding Techniques 


Test Oven Tension Impact 
Speci- AWS Trade ZFlect. Posi- Are Cir. Weld Size Tensile Values at Room 
men Class Nene Size tion Ames. Volts Yolt. Polarity Leg Conv. Strength Temp., ft. lds. Mothod 
E-6012 a 1/4") Filet 230 53 D.C. Str. 3/16° 30,500 55.0 Sopper Bor 
” f fn " 238 " fn " . 
B 1/4" Flat 230 53 D.C. Str. 1/4" 3/16" 28,250 80.0 Copner Ber 
A E6012 A 1/4" Flat 270 53 DC. Str. 11/32" 9/32" 28,600 152.0 Nenu] 
n f 220 ou 3/2" a/32" a 
B A 1f/u" Fi-t 279 2% 53 3/8" 9/32" 30,600 112.0 Manual 
" f 275 oy n 5/16" 1/4" 
f 2900 ou " " 3/8" 5/16" 
Flet 27 26 53 D.C. Str. 5/16" 7/32" 29,250 2.9 Conner Ber 
n 260 25, n n 5/16" 1/4 
3 +6012 1/4" Plat 275 2€ 53 3.C. Str. 5/16" 7/32" 25,000 80.0 Coprer Ber 
n n 260 25 " 5/16" 7/32" n 
fn f n 275 26 a 9/32" 3/16" 


in the application of this method for light- 
gage welding would be merely a matter of 
design, of special jigs and fixtures, and 
adaptation to production requirements. 
Naturally, in addition to the data dis- 


Table 6—'/,-In. Double-T Fillet Welds Made by Copper-Bar and Manual-Arc Welding Techniques 


cussed here, considerable production work 
will be necessary to insure quality and to 
utilize the process to the fullest extent 
for any specific application. 
tensile and Charpy specimens were not 


The usual 


taken from any of the butt-weld tes 
plates due to the fact that incomplet 
penetration of the joints would preven! 
an accurate analysis of such specimens 

data on butt welds ar 


The above 


Test Open Tension Imact 
Sneci- AWS Trade Elect. Posi- Are Cir. Weld Size Tensile Values at Room 
men flces ame Size ticn Arms. Volts Yolt. Pelarity Lee Cony. Strength Tem., ft. lds. “Method 
A E-6012 F 1/4" Flat 260 23 53 D.C. Str. 3/2" 1/4" 31,000 152.0 Manual 
" tt tt 270 23 n 1/4" 
" 270 23 " fn 9/32" 3/16" f 
f " " n 275 23 fn 3/38" 
£6012 1/4" Flat 260 23 53/ D.C. Str. 3/8" 1/4" 31,000 Manus 
" 270 23 fn f 9/ zo" 1/4" a 
f " fn " 270 23 " " f 5/16" 7/32" f 
" 275 23 ’ " 11/32" 1/4" f 
A E-6020 1/4* Mat 2:0 53 Dc. Str. 5/16" 21,450 164.0" Conner 
250 27 tt 5/16" 1/4" fn 
" n " olin " " af zo" 
3B =-6020 1/4" Plat 53 D.C. Str. 5/15" 7/32" 23,800 112.0 opoer Fer 
" " 250 " " 5/ 16" 7/ 32" 
" " " oun " n " 5/16" 7/32" 
" " " ouo 27 3/76" 
4 B-6020 Cc 1/4" Met 260 53 D.C. Str. 5/16" 7/32" 39,600 152.0 
265 2a t 3/38" 9/ oN 
" " 270 29 " 3/8" 7/32" 
B B-6020 1/4" Flat 260 53 DC. Str. 3/6" 1/4" 30,900 123.0 Hanns 
265 29 n " " 3/2" 1/4" 
n 265 30 " 3/2" g/zo" 
fn 270 29 " 5/16" 7/72" 
Fote; All tests made on 3/5" mild steel base nlates. 
R 
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4 Oper Base 
AWS Trade Elect. Are Cir. Plate 

Class _Name Size Ams. Volts Volt. Bevel _Length Remer’s 

86020 1/4" 265 26 90° incl. 12" Good bead. Slightly undercut. Few surfsce 

defects. 

285 25 12" Good bead. No undercut. Surface defects. 

" 245 26 4g" Good bead. Several surface defects. 

" a 285 26 Good bead. Several defects. 

E-6020 Cc 3/16" 206 25 20 90° incl. 12" Good berd. No undercut. Severel surface 
defects. 
180 26 12" Seme ps nbove weld. 

=-6020 G 1/4" 216 30 80 90° incl. 2h" Good bead. Slightly undercut. Wo surface 
defects. 

3 232 20 ug" Same as above weld. 

1 3/16" 195 26 80 0° incl. 12" Frir bead. Bevel too ereet for electrode. 

® 186 25 12" Sane ns above weld. 

195 25 12" Seme ~s above wld. 

189 25 4g" Goo? bend most of weld. Bevel too pgrent. 

1 6013 3 3/16" 180 23 80 90° incl. 12" Smooth bend. Fo undercut. 

2 a 12" Srootk bead, Yo undercut. 

3 192 22 eke Good bead. Groove too gret. 


penetretion in butt joints. 


typical of results obtained from numerous 
tests made during this investigation. It is 
believed that for production purposes 


itt welding by means of the copper-bar 
nethod on plates #/;5 in. thick and over is 


| at best a difficult operation and that the 


preparation necessary (setup, jigs, fix- 
tures, etc.) would eliminate its general 
ise for butt welding in production work. 
The Class E-6020 electrodes were used in 
these tests exclusively on light-gage plates 
ecause of their superior penetrating 
jualities over the E-6012 and E-6013 
types and also the fact that the Class E- 
N10 electrode does not operate satis- 
‘actorily with the copper-bar method. 


lardness of the Weld Deposit in Copper-Bar 
Fillet Welds 

The hardness of the weld deposit in 
illet welds was determined by means of 
the Vickers hardness method. Results 
i specimens are given in Table 8. This 
‘able shows that in the actual weld metal a 
‘lightly greater hardness is obtained in a 
veld deposit made by the copper-bar 
‘echnique. It is believed that the slight 
ifierences shown are insignificant. 


letallurgical Structure of Welds Made by 
he Copper-Bar and Manual Metal-Arc 
Velding Methods 


Figures 22 to 25 illustrate typical micro- 
‘tucture and macrostructure of fillet 
"elds made by the copper-bar and manual 
etal are welding methods. These fillet 
welds were made with Class E-6012, E- 
and E-6020 electrodes using alternat- 
“g current and direct current in the flat 
‘sition. Current values and general 
*elding conditions were approximately 
dentical for each type electrode used. 


1947 


ote: All tests made on 3/8" mild eteel bese wlntes. No physical tests were conducted due to lnck of 


In Fig. 22 (welds made with E-6013 located in small scattered nearly eutec- 
-electrodes on low-carbon plate), it can toid sorbitic areas. The weld metal 
be seen that in the weld metal structure structure of thé copper-bar welds is 
the carbides appear as isolated crystals similar to the weld metal of the manual 
(spheroids and small plates) and are metal-arc welds with the exception that 


Table 8—Vickers 10-Kg. Load (Readings 0.030-In. Apart) 


Zlectrode B - E-601% Tlectrode D - %6012 

1-2 1-3 1-4 P=2 2 

CB-AC CB-DC M=-AC CB-AC CB-DC 


206 206 197199 207 210 216203 207215 192198 212 216 198 202 
209 210 209 202 210 212 «209 222 206 228 «= 197 198) 210 216 1192. 197 


205 205 202 202 215 215 210 210 212 212 203 203 221 205 205 


Dlectrode C 36020 Tlectrode G =-6020 
3-1 3-2 3-3 3-4 
M-AC B/C M—AC M-DC CR-AC CB-DC 


181193 186176 185 1°%€ 193197 180175 189188 189189 191 297 
180 19% 177178 187191 199205 176160 183 186 189186 182 183 
187193 169173 186162 20% 205 175173 169193 181165 176 176 
183 186 168167 185186 196 202 175175 191193 179179 181 186 


183 18% 166166 193193 197393 177177 180189 173 173 180 180 


Note: M = manual-earc process 
copper—bar process 
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the sorbitic eutectoid areas are more 
numerous. 

The micros of the bond zone shown in 
this figure indicate that the structure 
consists principally of upper bainite with 
thick, somewhat feathery, ferrite bounda- 
ries in the manual metal-are welds. In 
the welds made by the copper-bar proc- 
ess, the structure is composed largely of 
upper bainite with some lower bainite 
increasing toward the bond. The ferrite 
grain boundaries are slightly feathery. 

The depth of the heat-affected zone on 
the vertical leg of the manual metal-arc 
welds is approximately 0.13 in. and on the 
horizontal leg, 0.08 in. The depth of 
the heat-affected zone on the vertical 
and horizontal legs of the copper-bar 
weld deposit is about the same as that of 
the manual] metal-arc welding process. 

The results of the microscopic examina- 
tion made on these welds indicate that 
the hardness of the weld metal varies 
with the amount of sorbitic areas. Also, 
the cooling rates in the fusion zone areas 
were somewhat more rapid with the cop- 
per-bar method than in the manual metal- 


arc welding method. This comparison is 
based on the metallurgical structures 
shown and the relative proportions of 
With a 


upper and lower bainite present. 


Fig. 19—Double-Tee Fillet Weld Specimen for Tensile and 
Tension Impact Tests, Typical Layout Shown 
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preponderance of upper bainite, slow 
cooling is indicated, and when lower 
bainite is preponderant, faster cooling is 
assumed. The weld specimens were 
etched with picral and examined at 250 
X and 1000 X magnifications. 

Figure 23 (welds made with E-6012 
electrodes on low-carbon plate) shows 
that the weld metal structure is basically 
similar to that of Fig. 22, both for the 
copper-bar and manual metal-arc meth- 
ods. The structures of the bond zones 
are similar to those of the weld metal 
areas, with the exception that the ferrite 
boundaries are slightly thinner and more 
feathery. These structures are prin- 
cipally upper bainite and ferrite. In the 
copper-bar weld the grains are composed 
mostly of upper bainite with some lower 
bainite. The ferrite grain boundaries 
are slightly feathery. 

The depth of the heat-affected zones in 


On 


the welds made by the copper-bar method 
is considerably less than that of those ip 
the manual metal-are welds. As in the 
micros shown in Fig. 22, the hardnec 
seems to vary with the amount of sorbiti 
areas. The welds made by the manuaj 
metal-arc process seem to have a slower 
cooling rate than the welds made by thy 
copper-bar method. Comparison is based 
on the same factors as those referred to 
in paragraphs containing discussion 0 
Fig. 22. Specimens used were etched with 
picral and examined at 250 X and 1000 y 
magnifications. 

The microstructure and macrostructur; 
of the next weld specimen selected for 
microexamination are shown in Fig. 24 
(welds made with E-6020 electrode on low. 
carbon plate). The weld metal micro 
structure is similar to the specimens shown 
in Figs. 22 and 23 for both the copper-bar 
weld and the manual metal-arc deposits 
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Fig. 20—Copper-Bar Welding in Inaccessible Places 
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Fig. 21—Copper-Bar Welding Process—Electric Arc 
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The microstructure of the bond zone 
shows thick and thin ferrite grain bound- 
aries and plates of carbides intermixed 
with ferrite in the manual metal-are de- 
posit. The copper-bar deposit is quite 
similar except that there is some lower 
bainite. 

The depth of the heat-affected zone in 
the manual metal-arc weld is approxi- 
mately 0.12 in. for the vertical leg and 
0.10 in. for the horizontal leg. The depth 
of heat-affected zone for the copper-bar 
weld is slightly less, being approximately 
0.09 in. for the vertical leg and 0.08 in. 
for the horizontal leg. The weld metals 
are very similar for both deposits except 
that in the manual metal-arc weld there 
are a few eutectoid areas. The cooling 
rate of the copper-bar weld deposit was 
faster than that of the manual metal-arc 
weld. Reasons for this statement are 
the same as those given in paragraphs con- 
taining discussion on Figs. 22 and 23. 
The specimens used were etched with 
picral and examined at 250 X and 1000 X 
magnifications. 


Figure 25 shows the micrographs and 
macrographs of the last weld specimen 
selected (welds made with E-6020 elec- 
trodes on low-carbon plate). The weld 
metal microstructure is similar to those 
previously described. 


Tke microstructure of the bond zone of 
the manual metal-are weld differs slightly 
with thick to thin feathery ferrite grain 
boundaries; some grains being largely 
upper bainite, others having alternating 
thin plates of carbide and ferrite (not 
pearlite). Copper-bar deposits were simi- 
lar except that there is more upper and 
lower bainite present a short distance from 
the bond, 


The heat-affected zone depth is slightly 
greater for the manual metal-are process, 
being approximately 0.10 in. as compared 
to approximately 0.08 in. for the copper- 
bar process. The structure of the weld 
deposits of the copper-bar method is 
similar to that of the manual metal-arc 
process, but the dendrites are more granu- 
lated and smaller and have more uniformly 
distributed eutectoid areas. The cool- 
ing rate in the heat-affected zone was 
somewhat greater for the copper-bar 
process than for the manual metal-arc 
process. The same factors apply for this 
Statement as those given in paragraphs 
referring to Figs. 22, 23-and 24. The 
weld specimens were etched with picral 
and examined at 250 XK and 1000 X 
magnifications. 


From a review of the metallurgical ex- 
aminations conducted on copper-bar and 
manual metal-are welding deposits, it can 
be seen that in general the microstructures 
of the deposits are very similar with the 
‘xception that the heat-affected zone of 
the manual metal-are weld is slightly 
greater than that of the copper-bar weld. 
Also, the cooling rate is usually faster on 
‘opper-bar weld deposits. This is based 
findings expressed in previous para- 
faphs. These differences probably ex- 
Plain the fact that with a copper-bar 
weld there is much less over-all plate dis- 
tortion of weld specimens made for tests 
during this investigation. This applies 
both to fillet and butt weld joints. 
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General Electrode Considerations steel core in the as-deposited condition 


will be that of the ultimate weld size. 
The slag from the welding electrode fills 
the free space that is left between the elec- 
trode and the copper bar and exerts a 
slight pressure upon the welding elec- 
trode, resulting in a fairly short arc. 
There is still much to be learned as to 
specific disadvantages of welds made by 
this process, but, in general, additional 
cellent results. The size of weld made by data not covered in this report will have 
this process depends entirely upon the to be found in actual shop production 
size of electrode used, as the volume of the work. 


The general efficiency of this new weld- 
ing technique depends primarily on the 
class electrode used and its position fit-up 
in relation to the covering bar and the 
base material. The heavily coated types 
have proved most advantageous. Several 
of the standard commercial U. S. brands 
can be used with the process and give ex- 
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Etching Reagent—Picral Nital 
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General Discussion 


As has been previously mentioned, con- 
siderable importance must be given to the 
correct positioning of the electrode in the 
weld groove. Further testing of other 
brands of welding electrodes would un- 
questionably prove that many more dif- 
ferent classes and brands are suitable for 
welding with this process. 

In manual metal-are welding under cer- 
tain conditions, it is well known that con- 
siderable arc-blow is experienced, but with 


Manual Metal Arc Method 


Weld Metal 250 x 


te 


the manual procedure this electrical phe- 
nomenon can be eliminated, or at least 
minimized, so that the actual effect of arc- 
blow is normally very slight. With the 
copper-bar process, however, the operator 
has very little opportunity of changing the 
position of the electrode in relation to the 
base materials due to the fact that the 
electrode is positioned beneath the copper 
bar during the welding process. There- 
fore, it is necessary to take measures other 
than changing the position of the elec- 
trode in order to prevent arc-blow. Satis- 


Copper-Bar Method 
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Etching Reagent—Picral Nital 
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factory measures have been taken as 
follows in the elimination of arc-blow dur. 
ing tests of this process at this Laboratory. 


1. Splitting the ground cable. 

2. Welding the end of the joint for , 
short distance on the Opposite 
side of the weld in process in g T 
joint. 

3. Changing the ground position jy 
relation to the electrode holder. 

4. Insulating the copper bar thor. 
oughly from the base materials. 

5. Insulating the entire fabrication 
from any other ground source 


When the copper-bar process is being 
used, it can be seen when a voltmeter ang 
ammeter are connected in the weld circuit 
that the electrical values are extremely 
constant as compared to manual operation, 
and upon removal of the copper bar the 
completed weld seam is of very uniform 
appearance. Usually the copper-bar proc 
ess will show a 2- to 4-v. higher arc volta: 
than is used in manual metal-are welding 
with the same electrode. 


General Limitations of the Method 


Some disadvantages found by the in- 
vestigation of this German invention are 
as follows: 


1. Size of weld deposit is controlled by 
size of electrode used. 

2. Multiple-pass welds for production 
work are not considered to be 
practicable. 

3. Magnetic arc-blow sometimes is 
difficult to overcome when using 
direct current. 

4. Penetration required to pass X-ray 
standards is not usually obtained 
in butt and fillet welds on plates 
3/1, in. and over in thicknes. 

5. Class E-6010 electrodes cannot be 
used by this method. 

6. Straight runs of a repetitive nature 
are considered necessary to ob 
tain economy in production costs 


Possibilities of Application to Specia 
Types of Fabrication with the Copper 
Bar Technique 


Up to the present time the manufac 
turers of various types of equipment, ¢.g., 
cooling apparatus and other certain types 
of special equipment, have found it 1m 
possible to make inside welds by the man- 
ual metal-are process. Figure 20 shows 4 
typical illustration of a fabrication that 
can be made and. welded in its entirety 
through the use of this new tecimiqu 
With the use of manual metal-are welding 
it can be easily seen that it would be im 
possible to make the inside welds as shown 
on the illustration. This is merely @ ty?! 
cal example of a special application that 
could be performed by the use of this tech 
nique. It is believed that many other 
such special fabrications could be made 
100% more efficiently through the use of 
this new process. 


Constructional Weldments by the Copper 
Bar Process 
When the question is raised as ‘° the 
practicality of using the copper-bar pro 
ess for constructional weldments, '' 's the 
writer’s opinion that, due to the fact that 
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no extensive production tests have been 
carried on in this country with this proc- 
ess, considerable attention should be 
given to technical surveys,’ experiments 
and reports made by the inventor or users 
of the process in Germany. 

A typical example of a successful ap- 
plication of this process is noted in Elek- 
troschweissung, a German publication, 
dated Dec. 12, 1942. In this article it was 
brought forth that the joints of transverse 
beams and other members where fillet 
welding was practical were welded by the 
copper-bar process. This particular con- 
struction occurred on the Arpard-Bridge 
over the Danube. A number of fillets were 
very successfully made by the use of the 
copper-bar process. A great number of 
beams, 21 ft. long, had to be welded and 
this technique was preferred. It was 
noted that, in general construction of this 
type, the technique in question gives 
economic advantages only when elec- 
trodes can be used that will produce a 
weld of desired cross section and can be 
made in one pass and are not subject to 
X-ray requirements. It is quite obvious 
that the weld length is an important fac- 
tor in making any definite saving through 
the use of this process. On short welds 
manual metal-arc welding is unquestion- 
ably more practical and economical. 

To quote from the technical article 
mentioned above, it is stated that ‘‘with 
in electrode */;, in. diameter a fillet weld 
} ft. long was made in 5 min. This fillet 
weld had a cross section of */;, in. and the 
weld was made by an unskilled workman 
without any assistance from a trained 
technician. For the welds 21 ft. long and 
'/\,in. in cross section, the electrodes were 
placed end to end, making a total of 21 ft. 
inlength. This weld was completed in 35 
min. During this time preparatory opera- 
tions were made for the next weld 
Through the use of this system, 30,000 ft. 
of fillet welds were made in 6000 working 
hours. Therefore, only 5 min. are needed 
using the copper-bar process for the weld- 
ing of 3 running ft. with a cross section of 
‘sin. Manual welding under the same 
conditions takes approximately 19.5 min 
In other words, 30,000 ft. of fillet weld 
would have required 19,000 working 
hours of skilled welders. It can easily be 
seen, therefore, that 13,400 hr. are saved 
through the use of the copper-bar proc- 


” 
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It is interesting to note that it is stated® 
in the patent specification that the cover- 
ing body can also be in the form of a roller, 
the peripheral surface of which must be 
haped so as to conform to the size and 
saape of the electrode. In operation the 
roller, which by contact with the peripheral 
surface guides the electrode and sufficiently 
covers its fusing end, is rolled along the 
joint at the same speed at which the elec- 
trode is fused so that the arc and the roller 
will always be together at the point of 
contact between the work materials. 
This type of covering body was not used 
any of the experiments conducted in 
this Laboratory. 

The Elin-Hafergut or copper-bar arc- 
welding procedure has been patented in 

any and the United States. In 

‘many patent application was made on 
Dee, 27, 1938, and in the United States 
‘pplication was made July 17, 1939. 
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Summary of Results 


1. The experimental tests and data 
described in this report show that the 
copper-bar, or Elin-Hafergut, welding 
method generally produces welds which 
may be termed acceptable where quality 
standards requiring a high degree of 
soundness are not paramount. Butt 
welds made by this method on steel plate 
3/16 in. thick and over do not have the 
penetration required to meet high-quality 


Manual Meta! Arc Method 


4 A , 


soundness standards. On plate thickness 
less than */j, in. it is believed that com- 
plete penetration could be obtained by the 
use of proper techniques with suitable jigs 
and fixtures. It is evident from the results 
of this investigation that fillet welds with 
adequate penetration to meet good sound- 
ness standards can be obtained in the flat 
position only. The fact that this copper- 
bar welding method does not produce 
fillet welds free from porosity and with 
complete penetration at the root of the 
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weld with certain types of electrodes does 
not prohibit its use where high-quality 
soundness standards are not required or 
can be waived for excellent physical ap- 
pearance standards. 

2. Single-pass fillet welds produced by 
this copper-bar method in the flat position 
present a very smooth appearance and are 
uniform in size and cross section. In other 
than this position it was not found possible 
to adequately control size and contour as 
well as a slight tendency to undercut on 
the vertical leg of the fillet particularly 
when the weld is in the horizontal position. 


Manual Metal Arc Method 


3. Single-pass butt welds of minimum 
reinforcement and penetration were not 
obtained in any of the tests conducted 
during the investigation of this welding 
method. 

4. It is considered that this copper-bar 
welding method provides the opportunity 
of accomplishing semiautomatic operation 
without the need of expensive automatic 
welding equipment. For some types of 
weldment production it is considered pos- 
sible for one operator, with proper jigs and 
fixtures, to make 4 or more welds simul- 
taneously and in addition the operator 
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need not be a skilled manual welder 
Theoretically by this method, it aPpears 
possible to increase the production ef. 
ciency of manual welding by at least 25 to 
30%. It is apparent that long straight 
single-pass welds of a repetitive type ar 
desirable for optimum results. 

5. It is considered that multiple-pas 
welds are not, from the economic stanq. 
point, adaptable to this method of weld. 
ing. The shape and size of the copper bar 
must be different for each pass required 
which thereby necessitates a differen 
setup for each pass to be made. This js 
not conducive to speed of production. 

6. Single-pass fillet welds made phile 
using direct current with this copper-bar 
method, which are of the same size an¢ 
contour as fillet welds made by the manual 
metal-are method, show a tensile strength 
slightly less than the latter (Tables 1 and 
2). The tension impact values of the 
former are slightly lower than those of the 
latter. This may be attributed to the 
differences in degree of penetration of the 
welds, and the higher energies used with 
the latter method. When comparable 
a.-c. values are used, the welds made with 
the copper-bar method are somewhat 
superior in strength (Tables 3 and 4) 

7. The following summarized limita. 
tions of the copper-bar method should be 
recognized: 


(a) Size of weld deposit is controlled by 
size of electrode used. 

(b) Multiple pass welds for production 
work are not considered to be 
practicable. 

(c) Magnetic arc-blow sometimes is 
difficult to overcome when using 
direct current. 

(d) Penetration required to pass X-ray 
standards is not usualy obtained 
in butt and fillet welds on plates 
3/,¢in. and over in thickness 

(e) Class E-6010 electrodes cannot be 
used successfully by this method 

(f) Straight runs of a repetitive nature 
are considered necessary to 0b- 
tain economy in production costs 
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Steel Plate 


By W. F. Hess,* W. D. Dotyt and W. J. Childs* 


Summary 


perform in the welding machine all the common 

metallurgical heat treatments including grain 
refining, tempering and austempering in a comparatively 
short time. This heat treatment produces a great im- 
provement in the mechanical properties of the weld, par- 
ticularly in the more hardenable steels. Heat treatment 
is especially beneficial in improving the shock resistance 
{spot welds. For a given case, the heat treatment nec- 
essary will depend on the service requirements and the 
thickness and type of steel. Electronic equipment has 
been developed to give automatic control of the entire 
welding and heat-treating sequence. It is possible to 
follow and record the temperature of the weld during the 
process, permitting accurate establishment of the proper 
welding conditions. Special methods have been used for 
btaining the necessary heat-treating characteristics of a 
steel to be welded. 


f WIS investigation has shown that it is possible to 


Introduction 


The heat treatment of spot welds is undertaken solely 
to improve their mechanical properties. The necessity 
lor heat treatment is determined by the metallurgical 
characteristics of the material under consideration while 
lection of the type of heat treatment is based on the 
mechanical properties desired in the welded joint. Joint 
properties depend to a large extent on the nature of the 
applied load and the ductility of the weld and heat- 
alected region. 

Metallurgical structure influences both the strength 
ametal and its ability to create a uniform stress dis- 
inbution. Cast martensitic structures containing brittle 
‘“gregates cannot readily distribute stresses but with 
poper heat treatment a tempered, equiaxed structure 
which is much better able to distribute the applied 
‘tesess, may be obtained. The importance of the type of 
netallurgical structure varies with the composition of the 


; Welding Lab., Rensselaer Polytechnic Institute, Troy, N. Y. 
‘search Labs., United States Steel Corp., Kearny, N. J. 


steel. Satisfactory welds can be made in some steels 
without the necessity for a heat treatment or at most only 
a simple treatment such as tempering. For other steels, 
more involved treatments are essential. If several dif- 
ferent heat-treating procedures will result in equally 
satisfactory welds, the selection of welding conditions is 
made on the basis of the shortest welding time and lowest 
energy requirements. 


Material 


The composition, heat treatment and mechanical prop- 
erties of the steels referred to in this report are presented 
in Table 1. A uniform surface on the material to be 
welded was achieved by alundum grit blasting. 


Equipment 


A detailed description of the press-type spot welder 
was presented in a previous report.' A special program 
timer, which is now commercially available, was devel- 
oped in which the following sequence of operations was 
provided: 


Timing Interval Purpose 

1 Preheat 

2 Weld 

3 Cool 

4 Austemper 

5 Rise to grain refine 
6 Grair refine 

7 Cool 

8 Rise to temper or austemper 
9 Temper 
10 Hold 


| 
| 


Provision was also made to permit automatic control of 
the dual pressure system throughout the welding se- 
quence. 

In order to prevent variations in current resulting from 
changes in the line voltage or in the impedance of the 
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Table 1—Composition, Heat Treatment and Mechanical Properties 


Heat No. and Composition 
Material Thickness, In. Manufacturer Element % Heat Treatment Mechanical Properties 
NAX 9115-X /, Great Lakes Steel c 0.14 Hot rolled Elastic limit—51,420 psi, 
Corp. Mn 0.50 Tensile strength—77 400) psj, 
P 0.015 % Elongation in 2 in.—49 
Ss 0.027 Brinell hardness—149 
Si 0.85 Bend tests—satisfactory 
0.58 
Mo 0.13 
Zr 0.05 
NAX 9115-X 1/, Great Lakes Steel & 0.16 Hot rolled Elastic limit—50,590 psi. 
Corp. Mn 0.49 Tensile strength—75,340 psi, 
P 0.013 % Elongation in 2 in.—44 
$s 0.020 Brinell hardness—170 
Si 0.80 Bend tests—satisfactory 
Cr 0.44 
Mo 0.18 
Zr 0.05 
NE 8630 1/, 61504, Republic & 0.30 Hot rolled and normalized Yield strength—82,700 psi. 
‘ Steel Corp. Mn 0.79 Ultimate strength—125,400 psi, 
P 0.016 % Elongation ia 2 in.—15.6 
S$ 0.018 Hardness, VPN—231 
Si 0.33 
Ni 0.53 
Cr 0.53 
Mo 0.21 
NAX 9130-X 1/, 9-13945, Great © 0.28 Quenched and tempered Ultimate strength—193,000 psi. 
Lakes Steel Corp * Mn 0.91 Hardness, VPN—405 
P 0.015 
0.028 
Si 0.79 
Cr 0.64 
Zr 0.09 
Mo 0.21 
welding circuit, an automatic current regulator was used. tests. The details of these tests were described in a pre- 


With this instrument the welding and heat-treating cur- 
rents remain at established values regardless of any 
changes in the amount or type of metal in the throat of 
the welding machine. 

An Esterline-Angus strip chart recording ammeter, 
operating from the primary circuit of the welding ma- 
chine, was used for current measurement. This alloweda 
rapid and accurate evaluation of all currents used for pre- 
heating, welding and heat treating. A pair of precision 
synchronous clocks was employed for the purpose of 
calibrating the times provided by the special welding 
program timer. 

Temperatures were measured by means of chromel- 
alumel thermocouples and a Model 721 Weston photo- 
electric potentiometer operating in conjunction with an 
Esterline-Angus sensitive recording milliammeter. 


Testing 


In determining the optimum welding conditions for 
heat-treated spot welds, three mechanical tests were 
employed, namely, the shear, normal tension and impact 


vious report.! Transverse sectioning for hardness test- 
ing and microexamination was accomplished by means of 
an abrasive cut-off wheel. The sectioned surface was 
then ground on a belt sander. This procedure prevented 
any appreciable hardening or softening of the weld or 
heat-affected zones which would introduce errors into 
the hardness readings. 


Formation of the Weld 


Before attempting to perform any heat treatment on J 
spot welds, it is essential that the welds be of the correct J 
size and be consistently and uniformly made. In a pre- 
vious report the procedure for establishing optimum 
welding conditions for steel plate has been outlined.’ It J 
has been found that electrodes with a dome-shaped con- 
tacting surface of limited diameter, provide the most § 
satisfactory results. The electrode force should be high § 
enough to eliminate most of the porosity but not so high § 
that excessive plate distortion results. If the welds are § 
to be subsequently grain refined, some porosity 1s lot§ 
objectionable, since this defect can be corrected during § 


Table 2—Improvement in Mechanical Properties Produced by Heat Treatment 4 
Weld Normal % Improvement in Strength Total 
Diam- Shear Tension Impact Produced by Heat Treatment W eldir eq 
eter, Strength, Strength, Strength, Normal m, & 
Materials In. Welding Sequence Lb. Lb. Ft.-Lb. Shear Tension Impact - 
1/,-in. NAX 9115-X 0.83 As-welded 35,600 10,000 410 
0.81 Weld + temper 36,400 11,000 560 2.3 9.1 36.6 4 ye 
0.82 Weld + grain refine 35,900 12,800 Over 850 0.8 28.0 Approx. 120 ; . * 
1/,-in. NE 8630 0.90  As-welded 43,200 11,000 
welded to oo 
1/-in. NAX 9130-X 0.92 Weld + grain refine 47,100 13,300 135 9.0 19.8 8.0 108 3 r 
0.91 Weld + grainrefine +temper 59,500 15,900 410 37.7 438.2 228 
| 
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Table 3—Recornmended Conditions for Welding '/, and 
1/-in. NAX 9115-X 
1/,-In. Plate 1/,-In. Plate 
trode: 
— radius, in. 10 10 
Diameter of contacting surface, in. 3/4 
Electrode force 6,625 7,210 
veld: 
. Current, amp. 24,000 28,500 
Time, sec. 5 8.5 
Quench: 
“Temperature to which quenched, ° F. 500 1,000 
Quenching time, sec. 8.75 15.6 
Austemper : 
Temperature level, ° F. is 1,000 
Current, amp. Pee 12.8 
Time, sec. ae 10 
Rise to grain refine: 
Temperature to which heated, ° F. 1,600 2,000 
Current, amp. 21,600 29,900 
Time, sec. 6.2 4.8 
Flat-top: 
Temperature level, ° F. 1,600 2,000 
Current, amp. 17,800 17,300 
Time, sec. 17.5 15 


Nore: If accidental short circuits are troublesome, a 5-sec. pre- 
heat may be used. 


the grain-refining process. The highest welding current 
that will not cause expulsion of metal should be used. 
This will give the greatest consistency in addition to per- 
mitting the shortest welding time. 

In order to insure intimacy of contact and to obtain 
more consistent results, a preheat is recommended. This 
consists of a low current, high pressure period in which 
the metal is heated up to a temperature just below the 
nelting point. The electrode force is then decreased to 
prevent excessive plate distortion and the current in- 
creased sufficiently to produce the desired weld size in a 
minimum length of time. Unless consistent welds of 
suficient size are made, it is difficult to obtain consistent 
heat treatment and a uniform improvement in proper- 


, ues. Recommended conditions for welding several steel 


combinations are included in Tables 3 and 4 at the end of 
this report. 


Methods of Heat Treatment 


Heat treatments of various types and complexity may 
beemployed for improving the mechanical properties of a 
spot weld. These treatments consist primarily of grain 
teinement, tempering and austempering which are used 
singly or in various combinations. To present an over- 
ill picture of the different heat treatments which are pos- 
ible, the following list is given: 


Weld, quench and temper. 

Weld, quench and grain refine. 

Weld, quench, grain refine, quench and temper. 
Weld and atfstemper. 

Weld, austemper and grain refine. 

0. Weld, austemper, grain refine and austemper. 


> Co bo 


ln order to improve the properties of the cast columnar 
‘tucture by heat treatment, it is first necessary to trans- 
‘orm austenite to a decomposition product such as mar- 
“isite or bainite. In spot welding this may be accom- 
blished either by direct cooling to martensite or by iso- 
thermal decomposition at an elevated temperature. The 
‘toice between the two alternate procedures is generally 
made on the basis of the shortest total time required. 
this will vary with the cooling rate and the hardenability 
ithe steel being welded. 
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HEAT TREATMENT OF SPOT WELDS 


To provide a better understanding of the above-listed 
welding heat treatments, a discussion of the different 
processes is here presented: 


(a) Quenching 


Normal cooling in the welding machine is a rapid proc- 
ess with cooling rates of the same order of magnitude as 
those experienced in commercial heat treatment. This 
cooling is consequently referred to as quenching. If this 
cooling is fasterthan the critical coolingrate, the austenite 
will transform to martensite. Under this condition, the 
amount of austenite decomposition is dependent upon the 
temperature to which the steel is cooled and upon its 
composition, and is independent of cooling rate. Gren- 
iger,» * Cohen‘ and Digges* have made fundamental 
studies substantiating these facts. The temperature to 
which the weld must be cooled to obtain complete trans- 
formation to martensite decreases as the carbon and alloy 
content increases. Grange and Stewart® have formu- 
lated the following equation for calculating the tempera- 
ture of the start of martensite formation, M,, directly 
from the chemical composition: 


M,(°F.) = 1000 — 650 X %C — 70 X %Mn — 35 X 
JNi — 70 X %Cr — 50 X %Mo 
The temperature for complete transformation is ap- 


proximately 150-250° F. below the M,. This transfor- 
mation range is broader with increasing carbon content. 


Table 4—Recommended Conditions For Welding '/,-In. NE 
8630 to '/, In. NAX 9130-X 


Diam. of 
Contacting Dome 
Surface, In. Radius 
Electrode: 
Adjacent to '/,-in. NE 8630 1 10 
Adjacent to '/:-in. NAX 9130-X 11/5 10 
Electrode force, Ib.: 
High: 9,400 (used during preheat, 


rise to grain refine 
and rise to temper) 
Low: 4,700 (used during weld and 
both flat tops for 
grain refining and 


tempering) 
Preheat: ; 
Current, amp. 17,600 
Time, sec. 6.0 
Weld: 
Current, amp. 24 100 
Time, sec. 4.0 
Cool: 
Temperature to which 
quenched, ° F. 425 
Cooling time, sec. 29.7 
Grain refine: 
Rise 
Temperature to which 
heated, ° F. 1,900 
Current, amp. 24,900 
Time, sec. 7.2 
Flat-top 
Current, amp. 19,900 
Time, sec. 5.0 
Cool: 
Temperature to which cooled, 
425 
Cooling time, sec. 42.2 
Temper: 
Rise 
Temperature to which 
heated, ° F. 1,000 
Current, amp. 25,900 
Time, sec. 3.2 
Flat-top 
Current, amp. 14,500 
Time, sec. 10.0 
Total welding time, sec. 108.3 
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Many of the higher carbon and alloy steels are subject 
to cracking if the steel is cooled to a temperature much 
below that of martensite formation. As the steel trans- 
forms on cooling, expansion occurs. There is no danger 
of cracking then. However, when transformation is 
complete, further cooling results in contraction. As this 
contraction continues, high internal stresses are pro- 
duced in the brittle martensitic structure and cracks tend 
to develop. This cracking may be avoided by applying 
a tempering operation immediately following martensitic 
formation. It is therefore important to know the tem- 
perature at which martensite formation is complete both 
in order to save time in the welding operation and also in 
order that heat treatment might be applied immediately 
to avoid cracking. 


Tempering 


Tempering in the welding machine is accomplished by 
passing a postheat treatment current sufficient to raise 
the temperature of the weld just below the austenitiza- 


Fig. 1—Photomicrograph of Typical As-Welded Structure. 
Weld Made in '/;-In. NAX 9115-X Steel. 100 x 


tion range. Due to the relatively high temperature in- 
volved, very considerable toughening and stress relief of 
the structure can be obtained in a few seconds’ time. 
Figures 1 and 2 are typical of the microstructures of welds 
before and after tempering. 


(c) Grain Refinement 


In order to grain refine a weld, a ferritic or martensitic 
structure must first be allowed to form and the metal 
then be re-austenitized. The factors influencing the 
time for austenitization have been studied by a number of 
investigators.’*° The time for austenitization de- 
creases with higher temperatures and is also dependent 
on the composition and structure of the steel. Finer 
carbide distribution results in shorter austenitization 
times. Since austenitization in the welding machine 
must be accomplished rapidly, temperatures higher than 
those employed in furnace heat treatment must be used. 


(2) Austempering 


Austempering consists in quenching steel to a tempera- 
ture at or somewhat below the nose of the S-curve where 
transformation is allowed to occur isothermally. In 
spot welding, the weld is permitted to cool to the desired 
temperature range; a small current is then passed to 
maintain this temperature until transformation is nearly 
completed. Austempering may be used for either of two 


WELDING RESEARCH SUPPLEMENT 


Fig. 2—Photomicrograph of Typical Tempered Structure. 
Weld Made in !/,-In. NAX 9115-X Steel. 100 x 


purposes in the heat treatment of spot welds. One pur- 
pose of this treatment is to produce decomposition of the 
austenite, permitting subsequent grain refinement. In 
this case the temperature chosen is the one at which trans- 
formation is most rapid. This treatment competes on a 
time basis with quenching to martensite as a prerequisite 
to grain refinement. The second purpose of austemper- 
ing, in which it also competes with the quench and tem- 
per procedure, is that of producing a tough structure. 
The microstructure of an austempered weld is shown in 
Fig. 3 which may be compared with the as-welded and 
tempered structures of Figs. 1 and 2. 


Temperature Measurement 


In order to investigate thoroughly the processes for 
heat treatment of spot welds and to establish correct 
welding conditions, it was necessary to be able to follow 
the thermal cycle during the weld. For this purpose a 
hole, 0.052 in. in diameter, was drilled in one of the plates, 
terminating in the proposed weld region, as shown in Fig. 
4. Chromel-alumel thermocouple wires, 0.010 in. in 
diameter, insulated by fine pyrex tubing were inserted 
into this hole. The wires were then individually flash 
welded to the bottom of the hole as illustrated in Fig. 


ical Austempered Structure. 


Fig. 3—Photomicrograph of T S118% Steel, 100 X 
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A high-speed photoelectric potentiometer was used in con- 
‘unction with a sensitive strip chart recording milliam- 
meter for recording the temperature of the weld. 


Rapid Methods for Evaluating Metallurgical 
Characteristics 


Since most of the rapid transformation characteristics 
of steel have not been evaluated for specific compositions, 
the welding engineer must undertake his own metallurgi- 
cal studies in order to obtain adequate information con- 
cerning the steel to be welded. This information is es- 
sential for an intelligent formulation of optimum welding 
conditions. The following procedures outline methods 
which may be utilized for rapid determination of trans- 
formation characteristics. 


Isothermal Decomposition of Austenite 


For austempering it is necessary to know the tempera- 
ture at which isothermal transformation is most rapid 


0.010" WIRE 


PYREX GLASS TUBING 
Rw... 


=o 
® 


BASE METAL 


+ 


AVERAGE TEMPERATURE MEASURED 
BETWEEN POINTS () AND @ 


THERMOCOUPLE HOLE, #55 DRILL 


PROPOSED WELD AREA 


fig. 4—Details of Technique of Inserting Thermocouple Into 
the Weld Region 


and also the time required for transformation. If an 
“curve for the steel to be welded is available, the tem- 
perature for most rapid transformation is obtained from 
the curve. This is illustrated in Fig. 5 which is the S- 
curve for NAX 9130-X. For this steel the most rapid 
transformation is at 900° F. The time for complete 
transformation which in this case is over 1000 sec., is gen- 
tally prohibitively long. However, the major portion 
oi the transformation occurs in much less time. A 
method of finding the minimum time for satisfactory 
ransformation is here presented. 

Prepare a number of small, thin specimens cut 
from the plate to be welded. A specimen '/, x 3 in. x 
Plate thickness has been found satisfactory. 
_2. Austemper a series of specimens for various times 
Nasalt pot at the temperature level of most rapid trans- 
“mation. The holding times at temperature should 
chosen so that they will result in uniform intervals 
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Fig. 5—Isothermal Decomposition Curve for NAX 9130-X Steel 


when plotted on a logarithmic time scale. Water quench 
each specimen after holding for the desired time at tem- 
perature. 

3. Measure the hardness of each specimen. 

4. Plot the hardness as a function of the austemper- 
ing time on semilogarithmic paper. 

When no §S-curve is available, this procedure should be 
followed at each 100° F. temperature level from 700 to 
1100° F. If an S-curve for a similar steel is available, 
the number of temperature levels to be investigated may 
be reduced. The hardness values should be plotted for 
all the temperature levels investigated to give a curve 
similar to Fig. 6. The temperature level for which the 
hardness is reduced to its lowest value in the shortest 
time is the temperature of most rapid transformation. 

5. The time corresponding to a reduction in hardness 
to almost a constant level should be chosen. In Fig. 6, 
for example, a time of about 20 sec. at 900° F. will result 
in satisfactory transformation. 
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Fig. 6—Austempering Curves for 3'/;% Nickel Alloy Steel 
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Fig. 7—Thermal Record of a Typical Weld Showing Martensite Formation Range 


6. Using a plate with a thermocouple inserted into it, 
as described previously, determine the time for cooling 
to the correct austempering temperature and also the 
current which will just maintain the weld at this tempera- 
ture. When this current is applied for the time deter- 
mined in step 5, after alowing the necessary time for cool- 
ing to the austempering temperature, satisfactory aus- 
tempering will occur. 


Martensite Forming Temperatures 


If transformation to martensite precedes heat treat- 
ment, it is necessary to know to what temperature cool- 
ing must be carried to obtain transformation. In most 
medium-carbon, high-carbon and alloy steels, the ther- 
mal arrest produced by austenitic decomposition is indi- 


, cated on the temperature record obtained during the 


cooling of the weld as shown in Fig. 7. From such a rec- 
ord, the time corresponding to the completion of the 
transformation may be observed. 

If the thermal arrest is not sufficiently pronounced to 
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Fig. 8—Austenitization Characteristics of NAX 9115-X Steel 
at Various Temperatures 
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reveal the completion of martensitic transformation, the 
following procedure may be used: 

1. Make a weld using a thermocouple plate and ob- 
serve the times required to cool to various temperatures. 

2. Make a series of welds followed by grait-refining 
treatments starting at the times selected in step 1. 

3. Macroscopically examine each weld. The weld 
which shows complete refinement will indicate, by refer 
ence to the cooling curve made in step 1, the temperature 
at which austenitic decomposition to martensite was 
sufficiently complete. Welding conditions can then be 
established to provide cooling to this temperature. 

The previously mentioned formula of Grange and 
Stewart may be used to calculate the temperature of the 
start of martensite formation from the chemical compo- 
sition. Cooling must be below this temperature level. 


Formation of Austenite 


Determination of the proper temperature and time 
for grain refinement may be accomplished by making a 
series of welds which are cooled to insure austenitic de- 
composition and then reheated to various temperatures 
for various times. Subsequent macroexamination will 
then indicate the proper grain-refining temperature 
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Fig. 9—Derived Austenitizing Curve for NAX 9115-% Steel 
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fig. 10 Schematic Diagram Showing Typical Temperature, 
Current and Pressure 1 — for Welding Hardenable 
teel Plate 


Since this procedure involves considerable experimental 
work in the welding machine, an alternate procedure 
which may be handled by ordinary metallurgical equip- 
ment is outlined below: 

1. Cut a series of specimens from the steel to be 
welded. Specimens '/; x 3 in. x plate thickness have been 
found satisfactory. 

2. Austenitize a series of specimens at several tem- 
perature levels for various times using a molten lead 
bath. Water quench the specimens from the austenitiz- 
ing temperature. 

3. Determine the hardness of each specimen. 

4. Plot the hardness as a function of the time at tem- 
perature for each temperature level, using semilogarith- 
mic paper. The nature of the resulting curves is such 
that with increasing time, they approach asymptotically, 
amaximum hardness. Figure 8 shows a series of these 
curves for NAX 9115-X steel. 

5. Select a hardness level, such as 400 VPN in Fig. 8, 
which is sufficiently below the maximum hardness to 
avoid the major part of the asymptotic approach, and note 
the time required to reach that hardness for each tempera- 
ture. 

6. Substitute corresponding temperatures and times 


into the following equation and solve for the constants a 
and b: 


a 


log t = 


where 
t = time in seconds 


= absolute temperature, °Rankine 


Since austenitization is a diffusion process, this equa- 
tion which is of the form of the general diffusion equation 
can be used to describe the relationship between time and 
temperature for austenitization. 

7. Plot this equation for the range between '/») and 
15sec. Figure 9 illustrates the calculated austenitization 
curve for hot-rolled NAX 9115-X steel. This curve 
shows the approximate time required at each tempera- 
ture level for nearly complete austenitization. 

Considerable error is likely to occur in the shorter 
austenitization times due to the time required for the 
specimen to reach the austenitizing temperature. It is 
therefore preferable to extrapolate the equation by means 
of the curve plotted in step 7 rather than to try to use 
experimental values for the shorter times. 

If in welding, it is planned to quench to a martensitic 
structure in preparation for the grain refining, the speci- 
mens to be used in step 2 should be martensitic. A pre- 
treatment for this purpose should consist of the forma- 
tion of homogenous austenite in a furnace followed by 
water or brine quenching. Since both carburization and 
decarburization are to be avoided, the use of copper- 
plated specimens and a reducing atmosphere in the fur- 
nace are recommended. 


Welding Heat Treatments 


The methods of obtaining the various heat treatments 
in the welding machine can be explained in more detail. 
Figure 10 indicates schematically the relationship be- 
tween temperature, current and pressure for each interval 
of a complete heat treatment including grain refinement 
and tempering. The dashed lines in this figure represent 
alternate austempering procedures which may be sub- 
stituted in certain steels for a direct martensitic quench. 
This complete treatment may not be needed in less hard- 
enable steels; grain refinement or tempering alone may 
give satisfactory results. 


Transformation During Cooling 


Three factors determine whether a direct quench to 
martensite or isothermal decomposition should be used 
in preparation for subsequent heat treatment. These 
factors are the total time required for the complete weld- 
ing sequence, the relative superiority in resulting weld 
properties and the critical nature of the operation. If 
the S-curve of a steel is such that the minimum time re- 
quired to complete isothermal transformation is abnor- 
mally long, a direct martensitic quench must be used. 
If the thickness of the steel to be welded is great, the cool- 
ing rate will be low, requiring a long time to reach the 
martensite forming temperatures. Under these condi- 
tions, unless the time for isothermal transformation is 
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Fig. 11—Typical Thermal Record for an Austemper Plus Grain Refinement Treatment 
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Fig. 12—Photomacrograph of a Typical Weld Made with 


Fig. 13—Photomacrograph of a Typical Weld Made in !/,-In, 


1/,In. Rimming Steel Welded to '/;-In. NAX 9130-X Before Rimming Steel and '/,-In. NAX 9130-X After Grain Refine. Fig. : 
Heat Treatment. 3.5 < ment. 3.5 < 

exceptionally long, austempering is generally preferable. which is at a somewhat higher temperature depending ome 

Slow cooling also occurs when making a number of welds on the power level used. Since the edge of the weld js ian 
in a restricted area, as in welding an attachment to a_ the region of highest stress concentration and must be a 
larger piece by means of a cluster of spot welds. Inthis properly heat treated, it is fortunate that the thermal ate 
case, austempering is generally chosen fot minimum junction is located at this point. al 
transformation time. A typical example of the macrostructure of a weld th 
The choice between austempering and transformation prior to heat treatment is shown in Fig. 12. The coarse a | 
to martensite may also be governed by a known superior- columnar structure, porosity and interdendritic shrink- P 


ity in mechanical properties of tempered martensite or 
austempered structures for hardenable steels requiring 
additional treatment after grain refinement. In some 
steels the temperature range in which isothermal decom- 
position takes place in a relatively short time is limited to 
about 100° F. For operations in which a steep thermal 
gradient is encountered, it is difficult to maintain the 
temperature within such a narrow working range and 
therefore, a martensitic reaction may be preferred be- 
cause of the critical nature of the operation. 


Grain Refinement 


The thermal cycle of a weld may be accurately followed 
during heat treatment by means of a thermocouple plate 
and the recording equipment previously described. Fig- 
ure 11 shows a typical thermal record obtained for a weld 
plus grain refine sequence using an isothermal transfor- 
mation. 

During welding, the chromel-alumel thermocouple 
wires which are initially located within the proposed 


age characteristic of the as-welded condition are plainly 
evident. These defects are removed in the specimen 
shown in Fig. 13, which is a similar weld which has been 
grain refined. 

A special treatment is necessary in order to obtain a 
uniformiy grain-refined structure in a reasonable time. 
This treatment involves the use of a high current for a 
short time to raise the temperature to the correct tem- 
perature for grain refinement, followed immediately by a 
lower current of the proper magnitude to maintain the 
temperature constant for a short homogenization period 
of 5 to 10 sec. duration. This sequence may be desig- 
nated as a “rise and flat-top”’ treatment, since it rapidly 
raises the weld metal to the austenitization temperature 
and then maintains it at this temperature for the desired 
time. The thermal record of Fig. 11 and the weld macro- 
structure of Fig. 13 were both obtained using this treat- 
ment. Figure 14 is a thermal record for a complete heat 
treatment involving “‘flat-top” type grain refining and 
tempering, using a quench to martensite for transforma- 


weld region, are fused by the expanding zones of molten tion. . Fig. 
metal. This is indicated in Fig. 11 by the erratic tem- If, however, a simple ‘‘peak’’ grain-refining process 1s - 


peratures recorded during the latter portion of the weld. 
At the completion of the weld, the thermal junction is 
located at the edge of the fused region in the important 
heat-affected zone surrounding the weld. Thermal rec- 
ords therefore, indicate the temperatures reached at the 
edge of the fused zone and not at the center of the weld, 


used in which the temperature is rapidly raised to the J 
grain-refining level without the short homogenization § 
period, high-temperature gradients exist between the § 
edge and center of the weld. When a temperature sulli- 
cient to grain refine the critical region at the weld edge 's 
used, it then is extremely difficult to avoid remelting the 


Fig. 14—Thermal Record of Weld Made in 1/;In, NE 8630 and '/yIn, NAX 9130-X Using “Flat-Top"’ Heat Treat 

ments and a Quench to Martensite 3 
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fig. 15—-Thermal Record Characteristic of Peak Type Heat Treatments, '/,;-In. Mild Steel Welded to °/;»-In. 
NAX 9130-X 


center of the weld because of the large temperature dif- steel insures complete transformation prior to grain re- 
ference which exists. A typical example of a thermal finement. The macrostructure of a weld made using a 
record showing peak grain refining and tempering se- peak grain-refining process is shown in Fig. 16. The re- 
quences is illustrated in Fig. 15. In addition to the peak melted area in the center is detrimental to the mechanical 
treatments, it is interesting to note the pronounceddiscon- properties of the weld, particularly the impact strength. 
tinuities in the cooling curves marked M,. These occur This is especially true if slightly assymmetrical current 
at the start of the martensite reaction. Quenchingtoa distribution causes the remelted area to be located near 
temperature somewhat below the M, temperature for a one edge of the weld. 

Typical impact fractures for grain-refined welds are 
illustrated in Figs. 17, 18 and 19. Figure 17 shows a 
weld which has been grain refined using the flat-top pro- 
cedure. Failure has taken place by tearing a plug from 
one of the welded plates resulting in good impact strength. 
Figures 18 and 19 show welds, grain refined with the peak 
treatment, which contain remelted areas. In one case, 
as shown in Fig. 18, the remelted area resulting from the 


Fig. 16—Macrostructure of a Weld in !/,-In. NAX 9115-X Plate 

After a High Level Peak Grain-Refining Treatment, Showing 

Remelted Area in Center, Surrounded by an Equiaxed 
Structure 


Fig. 18—Impact Test Fracture Obtained for Peak Grain-Refine 
Treatment Showing Centrally Located Remelted Area 


Py. 17—Photograph of an Impact Test Fracture Showing 
soe Macrostructure of a Weld in '/,-In. NAX 9115-X Plate 


Fig. 19—Impact Test Fracture for Peak Grain-Refine Treatment 
ade with a Rise and Flat-Top Grain-Refine Treatment 


Showing Remelted Area Displaced to Weld Edge 
147 
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peak treatment is located in the center of the weld. 
When this weld was tested, a plug was pulled and a high 
impact strength obtained. In the weld of Fig. 19, how- 
ever, the remelted area was located near the edge of the 
weld. Failure in this case occurred by shearing across 
the plate interface with a correspondingly low impact 
strength. Since it is difficult if not impossible to control 
the location of the remelted area, the flat-top treatment 
for grain refinement is very much to be preferred. The 
more gradual thermal gradients combined with the longer 
homogenization time provided with this latter treatment 
minimizes the danger of remelts and results in more uni- 
form grain refinement. 

A high electrode force is employed during the rise to 
the grain-refining temperature. This is done primarily 
to obtain intimate contact when passing the heavy cur- 
rent needed to accomplish this operation in a short time. 
During the flat-top austenitization period, the electrode 
force is reduced to prevent excessive distortion. The 
softening of the metal at the grain-refining temperature 
is sufficient to permit the electrodes to apply a forging 
action to the weld. This effectively removes the porosity 
and interdendritic shrinkage cracks of the as-welded con- 
dition, as is readily apparent in comparing Figs. 13 and 
14, 


Tempering 


In addition to grain refinement, it is often necessary to 
temper spot welds made in heavy plate to develop maxi- 
mum properties. This is especially true for hardenable 
steels in which a brittle martensitic structure results from 
the rapid cooling from the grain-refining temperature. 
Tempering is accomplished by allowing the weld to trans- 
form to martensite and then passing a postheat current 
to raise the weld to a point just below the re-austenitizing 
temperature. Care must be exercised to avoid re-aus- 
tenitization and consequent re-hardening. It is difficult 
with a peak tempering treatment to produce a uniformly 
tempered structure because of the high-temperature 
gradient, characteristic of this type of treatment. A 
flat-top treatment similar to that used for grain refining 


is therefore recommended to insure a more uniformly 
tempered structure. 

A typical set of surveys showing the hardness obtained 
after each step in a weld, grain refine and temper sequence 
for '/«-in. mild steel welded to '/2-in. NAX 9130-X steel 
is shown in Fig. 20. The hardness surveys were made 
in the alloy steel just below the plate interface on a cross 
section of the weld through itscenter. It can be observed 
that grain refining, while appreciably improving weld 
properties, does not reduce the hardness of the weld. 
This indicates that martensite has reformed as the result 
of quenching from the austenitization temperature, and 
that improved properties have resulted only from the dif- 
fusion of segregatés and the elimination of the cast struc- 
ture. Tempering appreciably lowers the hardness and 
further improves the mechanical properties of the weld. 

Alloy steels containing carbide-forming elements such 
as Mo, W, V and Cr are more resistant to tempering, 
To satisfactorily improve welds in these steels, higher 
tempering temperatures must be used. Since the upper 
level for tempering is the re-austenitization temperature, 
the narrower permissible tempering range necessitates 
closer control of the tempering current. The hardness 
of steels containing carbide-forming elements can only 
be taken as a relative basis for indicating toughness, 
These elements retain hardness by preventing the coales- 
cence of carbides, but do not interfere with the relief of 
stress which occurs by plastic flow of the matrix. Thus, 
in alloy steels toughness may be improved with less loss 
in hardness than plain-carbon steel. 


The Influence of Heat Treatment on Mechanical 
Properties 


The selection of the type and extent of heat treatment 
for a given application is based primarily on service re- 
quirements. Other factors to be considered are the times 
required for the different stages of treatment and the de- 
gree of improvement resulting from the different opera- 
tions. Some applications require the maximum possible 
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weld properties; other structures in which service require- 
ments are not so severe may be satisfactorily welded 
using heat-treating sequences which do not produce maxi- 
mum weld properties. In these circumstances, the eco- 
nomical aspect of the time required for additional stages of 
heat treatment may overbalance the benefits produced. 
The improvement in properties that can be obtained with 
extended treatments is also affected by the composition 
and thickness of the material being welded. If the cool- 
ing rate associated with spot welding is lower than the 
critical cooling rate for a particular steel, high tempera- 
ture transformation results, and the benefits produced by 
tempering are slight. Certain steels of comparatively 
low hardenability possess critical cooling rates that fall 
within the range of those associated with spot welding. 
Spot welds in heavier gages of these steels transform at 
devated temperatures in cooling, whereas spot welds in 
thinner gages transform to martensite. These steels will 
therefore require different treatment in different thick- 


nesses. 


The mechanical properties of the spot welds made in 
these investigations were evaluated using the shear, nor- 
mal tension and impact tests previously described. 
Table 2 illustrates the improvement which can be ob- 
tained with different heat treatments for two different 
combinations of material. It is interesting to note the 


Fig. 21—-Photomacro- 
graph of Typical Welds 
Made in a Three-Spot 
Cluster in '/,-In. NE 8630 
and '!/,-In. NAX 9130-X 
Before Heat Treatment 


increase in strength produced by the various heat treat- 
ments. For steels of low hardenability, as NAX 9115-X, 
the shear strength is not appreciably affected by the heat 
treatment. The normal tension and particularly the 
impact strength show considerable improvement. For 
this steel in this thickness, grain refining is clearly a more 
beneficial treatment than tempering. For steels of 
higher hardenability as illustrated by the '/,-in. NE 
8630 welded to '/2-in. NAX 9130-X, the shear strength as 
well as the normal tension and impact strengths show 
improvement from heat treatment. In all cases, the 
impact strength shows the greatest improvement. It 
can be noted that maximum weld properties in the hard- 
enable steels are obtained only with the complete grain 
refinement plus temper treatment. Because the impact 
test is the most sensitive to changes in structure, it is a 
very satisfactory test for production control. The ease 
with which the test can be made contributes to its useful- 
ness in control of spot-welding conditions. 


Multiple Spot Welds 


It is sometimes necesssary to make several spot welds 
in a small area in order that high mechanical strength 
might be achieved at that point. When the welds are 


Fig. 22—Photomacro- 
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placed very close to one another, two additional factors 
must be considered. One of these factors is the short 
circuiting of the welding current through adjacent spots; 
the other is the effect of residual heat of previous welds on 
subsequent ones. The short circuiting due to adjacent 
welds results in a pronounced reduction in weld diameter. 
The closer the welds are placed together, the greater is the 
proportion of the current diverted from the desired weld 
area. 

Since it is not possible to compensate for this factor by 
an automatic device, the welding current must be read- 
justed to obtain the required weld size in subsequent 
welds. The use of a preheat, which provides for more 
intimate contact prior to passing the welding current, 
tends to reduce the short-circuiting effect. After the 
weld has been made, there is little tendency for subse- 
quent heating currents to be diverted through adjacent 
spots. Hence, the heat-treating currents do not require 
much adjustment after the first weld. 

The residual heat in the plate is greatly increased as 
each weld is made. This residual heat partially counter- 
balances the short-circuiting effect of adjacent welds. 
Since longer cool periods are required for quenching to 
martensite, austempering becomes advantageous. In 
addition, the residual heat makes it easier to maintain 
the temperature constant for austempering. After grain 
refining, the residual heat is so great that the plate is self- 
tempering, eliminating the necessity for any additional 
treatment. The improvement in macrostructure of a 
3-spot cluster is evident in comparing Figs. 21 and 22. 


Conclusions 


The results of this investigation of the heat treatment 
of spot welds are listed below: 

1. It has been found possible to perform all of the 
common metallurgical treatments such as tempering, 
austempering and grain refinement in the welding ma- 
chine in relatively short time. 

2. Heat treatment in the welding machine improves 
the mechanical properties of spot welds, particularly 
shock resistance. 

3. The flat-top type of heat treatment which provides 
short homogenization periods at tempering and grain- 
refining temperatures, gives much more consistent and 
dependable results than the peak temperature treatment. 

4. The type of heat treatment that is employed in a 
given case will depend on service requirements and upon 
the composition and thickness of the steel to be welded. 

5. A grain-refining treatment eliminates the detri- 
mental columnar structure and also minimizes porosity 
and other gross defects by means of the forging action of 
the electrodes during re-austenitization. 

6. The drop impact test provides the most sensitive 


indication of improvement in weld properties produce 
by heat treatment. 

7. Rapid methods for evaluating the metallurgicy 
characteristics of steels have been developed. The info. 
mation obtained by these procedures is adequate for the 
purpose of heat treatment of spot welds in the welding 
machine. ’ 

8. A technique has been developed for following the 
thermal cycle of a spot weld in steel plate during th 
heat-treatment process. 

9. Control equipment has been built which will pro. 
vide automatic control of the complete welding and heat. 
treating operations. 
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Studies on the Effects of Red Lead 


Paints on the Quality 


of Metal-Arc 


Welds in Structural Steel 


By R. W. Bennett, R. D. Williams, and C. B. Voldricht 


Synopsis 


This paper is based on a study of the effects of red lead base 
paints on the quality of metal-arc welds in structural steel. Com- 
mercially available red lead paints and several red lead mixed- 
pigment paints were investigated and their effects on welding com- 
pared with those of zinc chromate base paints and unpainted steel. 
The operating characteristics of the electrodes, the internal sound- 
ness of the weld metal and mechanical tests were used as criteria 
for evaluating the relative effects of the various paints on welding 
and weld quality. The tests indicated that, in general, satisfac- 
tory welds can be expected on steel with shop or field coats, of a 
nominal thickness of about 1 mil, of all the paints tested. 


Introduction 


generally required that all paint, zine coatings, 

grease, oil, dirt and other surface coatings or con- 
taminants be removed from the joint prior to welding. 
Recent experience has shown that within reasonable 
limits, thin films of paint, zinc or oil-are not necessarily 
harmful. Consequently, some specifications now permit 
the limited application of protective films to steel prior 
to welding. 

The consensus of the testimony on paints and other 
coatings is that bare, clean surfaces are still to be pre- 
ferred where the utmost in weld-joint quality and reliabil- 
ity is desired. For those instances where paints are per- 
mitted, there is as yet no general agreement on the condi- 
tions which are acceptable. Owing to the discrepancies in 
available data, and the scarcity of information on the 
efiect of various paints on metal-arc welds, the Lead 
Industries Association authorized Battelle Memorial 
Institute to study certain aspects of this question. The 
objective was to evaluate the comparative effects of 
selected types of priming paints on the strength, ductility 
and soundness of metal-arc welds. The effects of these 
paints on the operating characteristics of the electrodes 
commonly used in structural welding (predominantly 
A.W.S. Class E6010) were also to be studied. 

_ After the few available reports on the effects of paints 
in welding '~* had been studied, the Battelle investiga- 
ton was started with tests of a considerable number of 
ted lead base and zinc chromate base paints, and slurries 
containing various proportions of different pigments. 
In general, the influence of the various paints on the 
Strength of the welded joints was not very pronounced, 
‘xcept for extremely thick paint films. However, there 
was sometimes a noticeable adverse effect on the ease of 


* Presented at the Twenty-Eighth Annual Meeting, A.W.S., Chicago, IIL, 
week of Oct. 19, 1947 “ 


t Welding Research Division, Battelle Memorial Institute. 
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welding, particularly when the pigmentation contained 
very large proportions of red lead. 

On the basis of the initial tests, several red lead mixed- 
pigment paints, with reduced proportions of red lead in 
the pigment, were used for further investigation. Ex- 
ploratory tests indicated that satisfactory welding could 
be done on plates coated with these paints. Following 
this, more comprehensive welding tests were then made 
with some of the red lead mixed-pigment paints and the 
results of these tests are described below. For com- 
parison, companion tests were also made on unpainted 
plates, and on plates coated with zinc chromate base 
paints and high-lead-content red lead base paints. 


Materials 
Test Paints 


The paints used in this investigation were supplied by 
the Red Lead Technical Committee of the Lead Indus- 
tries Association, and are listed in Table 1. 

For most of the tests, one-coat paints were sprayed on 
pickled or grit-blasted steel plates to a dry film thickness 
of 1 to 3 mils (0.001 to 0.003 in.). The film thickness was 
measured with a Magne-Gage, and spot checks were made 
with a micrometer. A limited number of tests was made 
with plates to which paint was applied in multiple coats 
to a thickness of about 10 mils. With few exceptions, all 
painted plates were allowed to dry thoroughly before 
being welded. 


Steel 


The steel used throughout this investigation was */s- 
and */,-in. medium-carbon steel plate, conforming to 
Navy Department Specification 4885, Grade M. The 
back-up material used for single-V butt joints was '/;-in. 
hot-roll medium-carbon strip of welding quality. The 
test plates were cut to size and beveled, where required, 
by flame cutting. The surface condition of the plates 
prior to painting was either: (1) as received, with mill 
scale intact, (2) pickled in a 5% sulphuric acid solution 
containing an inhibitor, followed by a rinse in a 1% phos- 
phoric acid solution or (3) grit blasted. 


Welding Electrodes 


The electrodes used for the tests were commercial 
brands of the following types and sizes: 


A.W.S. Class Diameter, In. 
E6010 and 
E6011 and 3/16 
E6012 3/16 
E6020 3/1, and '/, 
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Table 1—Paints Used in Welding Tests 


Paint Composition 


Pigment Vehicle, Pigment, 97% Zinc 


No. Specification? Volume % by Wt. % by Wt. Red Lead Chromate 


Ll TT-P-86 28.4 22.46 77.6 99.7 oe 

L2 52-MC-23 42.9 29.7¢ 70.3 87.0 “ 

L3 M-3712-A 38.0 41.74 58.3 87.0 a 

L4 L1A-33 28.5 47.2¢ 52.8 55.0 10.0 
L5 L1A-35 39.8 36.8 63.2 55.0 10.0 
L6 LIA-1l11 35.2 44.8¢ 55.2 55.0 10.0 
L7 L1A-118 45.8/ 54.2 55.0 10.0 
L8 L1A-191 35.0 40.1¢ 59.9 55.0 8.0 
Lg LIA-191A 35.0 41.3¢ 58.7 55.0 8.0 
L1A-192 36.9 48.4¢ 51.6 55.0 8.0 
Lil L1A-194A 37.7 47 .8¢ 52.2 55.0 10.0 
LI1A-195 37.0 42.0¢ 58.0 75.0 10.0 
Zl 52-P-18 40.3 54.30 45.7 “? 55.0 
Z2 52-MC-29 40.1 52.1¢ 47.9 46.5 
Z3 52-P-26 38.1 54.4¢ 45.6 20.0 


@ Red lead base paints 
TT-P-86: Federal Specification 
52-MC-23: Maritime Commission Specification 
M-3712-A: Same as 52-MC-23, different vehicle 
LIA-XX: Lead Industries Association 


Zine chromate base paints 
52-P-18: Navy Department Specification 


52-MC-29: Maritime Commission Specification 
52-P-26: Navy Department Specification. 


Composition of Pigment, % by Weight 


Zinc Magnesium [Iron Graphitic Asbes- 
Oxide Silicate Oxide Mica tine Other 
0.3 Aluminum steara 
es ° latomaceous e; 
10:0 10:0 8.0Cdéite 
10.0 7.0 10.0 8.0 Celite 
ie eo” es 10.0 23.0 2.0 Indigo red 
10.0 as 18.0 
‘ 22.0 14.0 1.0 Aluminum 
4 21.0 15.0 - 1.0 Aluminum stearate 
e 10.0 14.0 10.0 1.0 Aluminum Stearate 
é 14.0 we 1.0 Aluminum stearate 
25.0 ee .9 Titanium Oxide 
5.1 Raw senna 
13.8 27.1 ie Titanium oxide 
1.5 Miscellaneous 
20.0 24.0 36.0 oe ; 


Vehicle constituents (other than thinners and driers). 


+b Raw linseed oil. 

¢ Alkyd resin solution (52-MC-21). 

@ Pentalyn A varnish and chlorinated rubber (48 to 12 ratio). 

* Linseed oil glyceryl! phythalate alkyd, modified with phenolic resin 
varnish. 

/ Castor oil alkyd containing 45% glyceryl phythalate 

¢ Alkyd resin solution (52-R-13) and phenolic resin varnish (52-V-20)(28 
to 33 ratio). 


Test Procedures 


Evaluation of Effect of Paints on Ease of Welding 


In all of the welding tests, whether designed primarily 
for an evaluation of the ease of welding or for strength 
tests, a systematic rating of various welding factors was 
made. These included arc stability, filler-metal transfer, 
action of the molten-metal pool and the slag, penetration 
at the root, spatter, tendency for undercutting and exter- 
nal appearance of the finished weld. A sufficient number 
of replicate tests (from 4 to 18, depending on the test) was 
made so that a reliable average rating could be obtained. 
Some of the tests were repeated by different operators, to 
bring in varying degrees of welding skill. 


Inspection for Weld-Metal Soundness 


Almost all of the weld specimens were radiographed, 
and the type and number of internal defects, such as po- 
rosity, slag entrapment and incomplete root penetration 
noted. Ina few instances where it was desired to defi- 
nitely determine the location of defects, stereoscopic radio- 
graphs were made or the test piece was broken to expose 
the defect. The internal soundness was rated according 
to an arbitrary scale to differentiate between various 
welds, and was also rated in comparison with Navy De- 
partment X-Ray Standards. No radiographs, except 
the Navy X-Ray Standards, are reproduced in this paper, 
because so much detail is lost in reproduction, and be- 
cause too many radiographs would be required to illus- 
trate the individual degrees of internal soundness en- 
countered. 


Strength Tests 


Weld specimens for tension, bend, and notched-bar 
tests were first rated for ease of welding, then radio- 
graphed and then machined and tested. Duplicate tests 
were made by different welders. 


Weld-Bead Tests 


To obtain a preliminary appraisal of the influence of the 
various test paints on welding characteristics and weld 
quality, bead deposits were welded in the flat position 
with */,.-in. Class E6010, E6011, E6012 and E6020 elec- 
trodes on */s-in. steel plates coated with various paints. 
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The welds were deposited with an automatic welding head 
using travel speeds of 6 to 8 in./min. and low, normal and 
high currents for the various electrode types. 

Paints L1, L2, L3, Z1 and Z2 (Table I), applied to a 
dry film thickness of about 1.5 mils, were used in the 
bead-deposit tests. Tests were also made with Paints 
LA, L5, L6 and L7 applied to dry film thicknesses of 3 to 
7 mils, and with Paints L1 and L2 about 10 mils thick. 

The quality of the weld beads was evaluated principally 
by radiographs. Radiographs of weld beads on un- 
painted plates and Navy Department X-Ray Standards 
(Fig. 4), were used as a basis for comparing the welds on 
painted steel. (The Navy X-Ray Standards are in- 
tended primarily for classification of the soundness of 
multiple-pass welds, and were so used in later tests; they 
were used in the bead-deposit tests, however, because no 
other standard was available.) The external appearance 
of the welds and the welding characteristics of the elec- 
trodes were also considered in the over-all evaluation. 

The internal soundness of welds made with E6010, 
E6012 and E6020 electrodes on plates coated with 1.5 
mils of paint was satisfactory, and was comparable to the 
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Fig. 1—Vertical Fillet-Weld Test 
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gundness of welds made on the unpainted steel and to especially at low welding currents. The beads were 
Group 1 of the Navy X-Ray Standards. The E6011 rougher, narrower and more convex than when unpainted 
welds on unpainted plates, and on plates coated with or thinly painted plates were used. 

|.5mil paint films, were of Group 2 soundness or better. 

The external appearance of all welds was satisfactory 


and comparable to welds made on unpainted plates. Fillet-Weld Tests 

The arc characteristics of the electrodes were satisfactory 

jor all welds at normal and high currents; at low currents, Vertical and horizontal fillet welds were made to deter- 
the initial starting was difficult for most electrodes, re- mine the effect of various paints on the ease of deposition 
gardless of the type of paint. and quality of weld metal. These tests provided a rather 


' The bead-deposit tests also showed that, regardless of critical means for evaluating variations in electrode 
the type of paint, the thicker films did not cause an exces- operating characteristics, the manipulation techniques 
sive amount of porosity in the weld metal, but had a_ required to make the weld, and weld-metal soundness. 
detrimental influence on the are characteristics and weld- The specimen used for the vertical fillet-weld test is 
bead appearance. The chief effect of thick paint films shown in Fig. 1. 

5 mils or more) was to insulate the steel from the elec- Initial C s Test 

trode, causing difficult starting and erratic are action, 4’ Comparison J ests 


Vertical-up fillet welds were made with °/3.- and */;,-in. 
ag E6010 and E6011 electrodes in joints coated with about 
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Fig. 3—Vertical Fillet Welds Made with */,-In.-Diam. E6010 


: Electrodes on Unpainted Steel and on Plates Coated with 3 Mils 

lig. 2—Vertical Fillet Welds Made with 5/s-In.-Diam. E6010 of L8 and Zl Paints. The Weld Soundness, External Weld 

Electrodes on Steel Coated with 3-Mil Slurries of Pigments Appearance and Weld-Metal Deposition Were Considered 
as Indicated “Satisfactory.” 
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1.5 mils of L1, L2, L3, L6, L7, Z1, Z2 and Z3 paints. 
Eighteen specimens, made under various conditions of 
plate preparation (e.g., as-received, pickled or grit 
blasted), electrode diameter and welding current were 
used for each test paint. 

Light coatings of the Z1, Z2 and Z3 zinc chromate base 
paints had little effect on are characteristics, weld appear- 
ance and weld soundness, and the welds were generally 
comparable to those on unpainted steel. The influence 
of the L1, L2 and L3 red lead base paints, with a very 
high red lead content, was more pronounced. The weld- 
ing was hindered by some arc instability, and it was 
rather difficult to control the molten metal and slag. 
The fillets were considerably rougher and more convex 
than fillets in unpainted joints, and were moderately 
porous (no better than Group 3 quality, Fig.4). The L6 
and L7 red lead base paints, which had lower red lead 
contents than L1, L2 and L3, and which contained other 
pigments as well, rated about midway between the zinc 
chromate base and the high red lead base paints in their 
effect on welding. The soundness of the welds made on 
plates coated with the L6 and L7 paints was satisfactory. 

The fillet welds made with °/,-in. electrodes were 
better than those made with */,,.-in. electrodes. How- 
ever, the differences in the influence of the various paints 
were noticeable in the welds made with both electrode 
sizes. 

Some horizontal fillet welds were made with */j.-in. 
E6020 electrodes in joints painted with each of the above 


Group 1—Class P-1 piping; Class A-1 and A-2 pressure vessels; shafts, rotors and gears. 
P.2 piping; Class A-3 pressure vessels; pumps and machinery subject to fatigue service or impact. 


paints. All of these welds were good, and no difference 
was observed in the influence of the various paints op 
weld soundness, appearance or operating characteristics. 


The fillet-weld tests (and the bead-deposit tests pre- 
viously described) indicated that there was no difference 
in the quality of welds on pickled or grit-blasted plates. 
Plates in the as-received condition, with mill scale intact 
had a noticeable but not important influence on the weld. 
ing operation; the chief difficulty was in starting and 
maintaining the arc at low welding currents. This was 
true even for unpainted specimens. When normal] or 
high currents were used, there was no difficulty in weld. 
ing the as-received plates. On the basis of these obserya- 
tions, all subsequent tests were made on grit-blasted 
plates, because it was desired to avoid any extraneous and 
variable effects of the as-received plates which might 
mask the effects of the test paints, and because it was 
easier to grit blast the plates than to pickle them. 


Furthermore, most subsequent tests were made with 
E6010 electrodes only, because the E6020 electrodes 
seemed to be less affected by the test paints (probably 
owing to the favorable downhand position used), and 
because the welds made with the E6011 and E6012 elec- 
trodes did not bring out any differences in the various 
paints which were not shown by the E6010 welds. In 
addition, the E6010 class was considered as being the 
most representative electrode for structural and ship 
welding. 


(Group 1) 


(Group 2) 


(Group 3) 


Group 2—Class 
Group 3— 


All machinery except as noted in Groups 1 and 2 above; hull castings, structural hull welds. 


Fig. 4—Navy Department Bureau of Ships X-Ray Standards for Production and Repair Welds, NAVSHIPS 
, No. 250-692-2, August 1945 
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Effect of Paint Vehicles 


To determine the possible influence of the paint binders 
or vellicles on welding, vertical fillet welds were made 
with © y:-in.-diam. E6010 electrodes in joints coated with 
about 2 mils of the unpigmented vehicles used in the 
yarious paints. The results indicated that the vehicles 
had no effect on the soundness of the weld metal, the 
weld appearance or the operating characteristics of the 
electrodes, even when present in quantities greater than 
those in paint coats of 1-3 mils. 


Effect of Paint Pigments 


To obtain fundamental information on the effects of 
various paint pigments on metal-are welding, vertical 
fillet welds were made with °/-in. E6010 electrodes on 
specimens coated with slurries of various pigments. 
Twenty-nine single-pigment and mixed-pigment slurries, 
in a vehicle of ten parts mineral spirits to one part alkyd 
resin (glyceryl phthalate) solution, were tested. The 
average thickness of the dried slurry coatings was about 
3 mils. 

In the single-pigment tests, slurries containing lead 
compounds had detrimental effects to varying degrees. 
For example, lead sulphates (blue lead, white lead, basic 
lead sulphate) produced arc instability and poor-appear- 
ing and porous welds. Hot cracks were also observed in 
the roots of some of the welds (this was attributed to the 
sulphur in the pigment). Lead carbonate, litharge and 
red lead gave slightly better results, while lead chromate 
and lead silicate had the least effect of the lead com- 
pounds used. 

Slurries of other single pigments affected welding or 
weld quality only slightly. Iron oxides had almost no 
eflect, and zinc chromate, graphitic mica, zine oxide, 
titanium dioxide and magnesium silicate only a slight 
effect, on the external appearance and soundness of the 
fillet welds. The welding characteristics of the E6010 
electrodes, on plates coated with these slurries, were con- 
sidered normal. Typical fillet welds on slurry-coated 
specimens are shown in Fig. 2. 

The mixed-pigment slurries contained red lead as the 
base pigment, with various amounts of other pigments. 
The results of these tests indicated that all vertical fillet 
welds on plates coated with slurries containing 75% or 
more red lead had a poor porosity rating and poor exter- 
nal appearance. The arc characteristics were quite 
erratic and, in general, were the same as for specimens 
coated with a plain red lead slurry. The exception was 
a 75% red lead-25% iron oxide mixture, which did not 
cause excessive porosity in the weld and did not seriously 
aflect the welding characteristics of the electrode. A 
decrease in the lead content of the slurries improved the 
quality of the welds; the degree of improvement was also 
influenced by the other pigments present. Hydrated 
iron oxide, iron oxide, zinc chromate and aluminum 
stearate seemed to have a beneficial effect; carborundum 
and pigments containing sulphates and carbonates had a 
detrimental effect. 


Tests of Red Lead Mixed-Pigment Paints 


_On the basis of the initial tests of paints and slurries, 
lourteen red lead mixed-pigment paints, in most of which 
the.red lead content of the pigment was less than 75%, 
and in which various proportions of other pigments were 
present, were used for further study. 

Test plates were coated with 3 mils of all fourteen 
paints, and vertical fillet welds were made with °/3).- and 
/win.-diam. E6010 electrodes at normal and high weld- 
ng currents (four test specimens for each paint). The 
‘valuation of the influence of the paints on the welds was 
ased, as before, on the ease of deposition of the weld 
metal, external weld appearance and weld soundness. 


All fillet welds made with the °/3-in.-diam. electrodes 
and normal welding current were considered acceptable 
and, in general, were as satisfactory as welds made on 
unpainted plates and those coated with the Z1 and Z2 
zinc chromate base paints. When high welding currents 
were used, several of the welds contained slightly more 
porosity, and the weld metal in some cases was more 
difficult to deposit. Only one paint in the group showed 
a definitely deleterious effect on operating characteristics 
during fillet welding; it contained 98% red lead in the 
pigment. 

When */j.-in. electrodes and normal welding currents 
were used, some of the welds were not so good as those 
made with °/»-in. electrodes on joints coated with the 
same paints. This is partly attributable to the inher- 
ently poorer operating characteristics of the larger elec- 
trode in vertical welding. It was evident, however, that 
some of the lead base paints contributed to the poorer 
weld quality, because the welds on bare plates and on 
plates coated with the zinc chromate base paints were 
still satisfactory. 

Figure 3 shows vertical fillet welds deposited with */;5- 
in. E6010 electrodes at normal current on unpainted steel, 
and on joints coated with 3 mils of red lead mixed-pig- 
ment paint LS, and zinc chromate base paint Z1. These 
welds were sound and of good external appearance, and 
were made with no particular difficulty with arc insta- 
bility or weld-metal manipulation. The fillet weld on 
Paint L8, shown in Fig. 3, is typical of fillet welds made 
over some of the other red lead base paints (e.g., L9, L10, 
Lil and L12). 

When */;,-in. electrodes were used with a high welding 
current, almost all of the fillet welds were rated as un- 
acceptable. Since the welds on the unpainted plates, 


Table 2—Strength of Weld Metal Deposited in Painted 
Groove Joints with E6010 Electrodes 


Average Strength Properties 


Yield Tensile Elong. 
Paint Strength, Strength, in 2 In., Soundness 
No.* Psi. Psi. % Rating® 
Flat-Position Welds with #/;.-In. Electrodes 
Bare 51,000 65,500 28 1 
Specimens painted prior to first pass only: 
Ll 50,000 64,000 19 2 
L6 50,500 63,500 23 1 
L7 53,000 66,500 26 1 
Z1 52,500 66,000 26 1 
Z2 53,500 65,500 24 1 
Specimens painted prior to each pass: 
Ll 50,500 69,500 19 ¢ 
L6 50,500 64,500 23 1 
L7 56,000 71,500 17 1 
Z1 54,500 69,000 20 1 
Z2 54,500 68,000 He 1 
Vertical-Position Welds with */3.-In. Electrodes 
Bare 54,000 61,500 34 1 
Specimens painted prior to first pass only: 
Ll 46,000 63,000 27 2 
L6 56,500 67,500 32 1 
7 56,500 63,500 27 1 
Z1 46,000 62,000 31 1 
Z2 53,000 61,000 33 1 
Specimens painted prior to each pass: 
Ll 57,500 64,500 19 2 
L6 56,500 63,500 15 2 
L7 56,500 63,500 22 1 
Z1 53,500 60,500 21 1 
Z2 53,000 61,500 23 2 


* Paint thickness approximately 3 mils. 
> See X-ray Standard, Fig. 4. 
© Porosity exceeding that of Group 3 standard. 
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and on plates coated with the ‘Z’’ paints, were also 
poorer (chiefly increased porosity), the welding conditions 
were considered as unfavorable. Consequently, this 
series of tests was not considered in the over-all evalua- 
tion of paint effects. 

These tests confirmed previous tentative observations 
that a clear-cut relationship between paint composition 
and its influence on welding could not be made. In gen- 
eral, pigments with red lead contents of 50 to 70% ap- 
peared to be satisfactory, and in the case of the multiple- 
pigment red lead base primers containing various amounts 
of zinc chromate, hydrated iron oxide or iron oxide, the 
performance of the paints during welding seemed to 
improve. 

Correlation of the data from the vertical fillet weld 
tests of the red lead mixed-pigment paints indicated that 
half of them had satisfactory characteristics under a 
variety of welding conditions. Welds on plates coated 
with 3 mils of these paints were comparable in soundness, 
appearance and ease of deposition to welds on unpainted 
joints, and on joints coated with the zinc chromate base 
paints. Five of the red lead mixed-pigment paints (LS 
to L12, inclusive, Table 1) were chosen for further study. 


All-Weld-Metal Tension Tests 


Concurrently with the initial fillet-weld tests, strength 
tests were made of weld metal exposed to several paints. 
The paints used were L1, L6, L7, Z1 and Z2. Groove 
welds for all-weld-metal tension tests were made on 
painted plates with E6010 electrodes, using the procedure 
set forth in A.W.S.-A.S.T.M. Specification A233-45T 
and Navy Department Bureau of Ships Specification 
46E3 (12-1-41). One series of groove welds was made 
on plates with the groove faces, upper and lower surfaces 
and the backing strip painted with a 3-mil coat of the 
test paints; after the paint had dried, the grooves were 
welded completely (one set in the flat position with */ j.- 
in. electrodes; another set in the vertical position with 
5/s-in. electrodes). Another series of groove welds was 
made on plates painted the same as above, but with 
additional paint applied after each pass (8-10 passes for 
flat welds; 6 passes for vertical welds). All welding was 
done with a preheat and interpass temperature of about 
212° F. The specimens painted after each weld pass 
were held at 212° F. for an additional 10 min. between 
passes, to allow the paint to partially dry. 

The quality of the weld metal was evaluated by radio- 
graphs and static tension tests, the results of which are 
shown in Table 2. The soundness was rated on the basis 
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of the Navy Department X-Ray Standards (Fig. 4) 
Except for a single weld made on steel coated after each 
pass with the L1 high red lead base paint, the internal 
soundness of all welds was satisfactory, and was as good 
or better than that typified by Group 3, Fig. 4. 

The results of the all-weld-metal strength tests show 
that none of the test paints, when applied to groove 
joints prior to the first pass only, had an effect on the 
strength of the weld metal. The soundness of thes 
welds was classed as Group 2 or better. The weld-meta 
ductility met the specification requirement of 22°, elon. 
gation in 2 in., except for one specimen coated with L) 
paint. During welding of this specimen, the are perfor. 
mance was erratic, and there was more porosity than in 
the other specimens. 

The application of paint to a joint after each weld 
pass is obviously a laboratory expedient intended to 
create an extreme condition of exposure of weld metal to 
paint. The test results in Table 2 indicate that weld 
metal painted after each pass had the same strength, but 
somewhat lower ductility, and fractures of poorer appear- 
ance than weld metal in joints painted prior to the first 
pass only. 


Transverse Tension Tests 


Groove-Welded Butt Joints 


Several groups of welded butt joints for transverse ten. 
sion tests were made in the flat and vertical positions 
with */,.-in. E6010 electrodes, and in the flat position 
with '/,-in. E6020 electrodes. The weld specimen for 
these tests is shown in Fig. 5. The grooves and backing 
strips were coated with about 3 mils of red lead base 
paints L1, L6, L7, L8, L9, L10, L11 and L12, and zinc 
chromate base paints Z1 and Z2. For all welds, a pre 
heat and interpass temperature of 200° F. was used, to 
obtain results more comparable to those of the all-weld- 
metal tension tests previously discussed. During weld. 
ing, an evaluation was made of the influence of the paints 
on ease of deposition, are stability, degree of fusion and 


Table 3—Transverse Tension Tests of Weld Joints Made 
with */,.-In. E6010 Electrodes on Painted Plates 


———Average Strength Properties’— 


Yield Tensile Elong. Location Sound 
Paint Strength, Strength, in 2 In., of ness 
No.* Psi. Psi. % Fracturee Rating“ 
Flat-Position Welds 
Bare 50,500 65,500 27 W, W, W, P ] 
Ll 50,000 62,000 12 WwW, W 2 
L6 49,500 66,500 29 P, P ] 
L6* 54,500 67,000 W, P 
L7 49,500 66,000 27 W, P 
Z1 48,500 66,500 31 W,P ] 
Z2 50,500 67,000 30 W,P . 
Vertical-Position Welds 

Bare 45,700 61,600 31 P, P l 
LI 45,500 62,400 23 WwW, W 2 
L8 46,000 60,800 27 W, P 1,2 
L9 45,200 61,700 29 W, P 3, 1 
L10 44,600 61,200 25 W,P 2, 1 
Lil 45,500 59,900 33 P, P 2,3 
L12 45,700 61,700 15 Ww, W 2 
Z1 44,300 62,800 27 Ww, P 2, 
Z2 46,700 62,600 29 Ww, P 2,1 

* Paint thickness approximately 3 mils. 

+ Average, two tests. 

© W, Weld metal; P, Plate. 

4 See X-ray standard, Fig. 4. 

* Weld painted after every pass. 

Not measured. 
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Table 4—Transverse Tension Tests of Weld Joints Made 
with '/«In. E6020 Electrodes in the Flat Position on 
Painted Plates 


Average Strength Properties? 


Yield Tensile Elong. Location Sound- 
Paint Strength, Strength, in 2 In., - of ness 
No.* Psi. Psi. 0 Fracture‘ Rating? 
Bare 43,300 60,100 27 Ww, W 1 
Ll 43,000 60,600 15 W,W 2,1 
L8 42,300 61,300 26 W,Ww 1,1 
L9 42,300 61,500 20 Ww,W 2,1 
L10 41,800 60,700 20 W,W 2,1 
Lil 43,100 60,300 26 W,W 4,3 
L12 43,100 61,000 28 W,P 2,2 
Zl 41,800 61,800 27 W,P 
22 43,700 60,800 31 1,1 


* Paint thickness approximately 3 mils. 
+ Average, two tests. 

¢W, Weld metal; P, Plate. 

4 See X-ray standard, Fig. 4. 
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penetration and tendency to undercut. These data were 
correlated with similar observations made during the 
vertical and horizontal fillet-weld tests, to obtain a more 
complete evaluation of paint effects. 

The welded plates were radiographed, and specimens 
cut from them were tested in tension. The results are 
given in Table 3 for welds made with E6010 electrodes 
and in Table 4 for welds made with E6020 electrode. 
The tensile strength of the joints was not influenced by 
any of the paints in the thickmess used. The ‘‘compos- 
ite” elongation across the weld joint (measured on a 
gage length which included both weld metal and base 
metal) was generally satisfactory, except for somewhat 
low elongations in some of the specimens coated with L1 
and L12 paints (99.7 and 75% red lead, respectively). 

Figure 6 shows the root side of typical fractures in 
specimens welded vertically with E6010 electrodes. The 
specimens with the soundest weld metal (Group 1 quality) 
had the highest elongations and, when failure occurred in 
the weld metal, the cleanest fractures. Specimens with 
visible defects at the root, after the backing strip had been 
machined away, failed more often in the weld metal, but 


. in several instances the fracture was in the base metal 


even though root defects were present. 

The influence of the 3-mil paint films on ease of weld- 
ing Was most evident in the vertical welds, and was con- 
ined largely to the root passes, when the paint film was 
mtact. No difficulty was encountered in the deposition 
of the upper weld passes, because most of the paint had 
deen burned away during the welding of the root. The 
ee specimens were welded with very little dif- 
heulty. 

A single weld specimen was tested in which a 3-mil 
coat of L6 paint was applied prior to each of the 4 weld 
passes required to fill the groove. This specimen was 
welded in the flat position with E6010 electrodes (see 
footnote e, Table 3). During the deposition of the root 
pass, there was some trouble, but the paint on subsequent 
passes had surprisingly little influence on the welding. 
This is attributed to the increased width of the groove, 
lor the upper passes, which facilitated manipulation of 
the electrode and the molten-metal pool. The strength 
i this weld was equal to that of specimens painted only 
por to welding; unfortunately, the elongation across 
te jot was not measured. The radiograph of the 
joint disclosed only a few scattered holes, mostly at the 
ry and the joint was classed as being of Group 1 qual- 


In most of the above tests, the two welded plates re- 
{ured to obtain a pair of tension specimens were welded 


147 EFFECT OF PAINT ON WELD QUALITY 


by different operators. Frequently, the plate welded by 
one operator was better than the similarly painted dupli- 
cate plate welded by the other operator. However, there 
was no over-all consistency in the relative quality of work 
of the two welders. That is, one operator produced the 
better plates on some paints, while the other operator 
produced the better plate of a pair on other paints. It 
was quite evident, all through this and other work, that 
the weld.ng ability of the operators (all fully qualified 
under various specifications) was influenced in different 
degrees by a given paint. 


Fillet-Welded Double-Tee Joints 


To obtain information on the effect of paint on the 
strength of joints made with single pass welds (the entire 
weld thus being subjected to the full influence of the 
paint) transverse tension tests were made on fillet-welded 
specimens, the design of which is shown in Fig. 7. 

The parts of the assembly were painted with 3 mils of 
the test paints, tack welded together at the ends, and 
fillet welds ‘‘1’’ and ‘‘2’’ were made with */).-in. E6010 
electrodes, in the flat position. The first fillet was de- 
posited on unaffected paint; the second fillet on paint 
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Fig. 6—Transverse Tension Specimens of Groove Joints Welded 
in the Vertical Position with E6010 Electrodes Illustrating 
Various Types of Failures 


659-s 


d 
le 
4 
a] 
r- 
in 
ld 
to 
to 
ul 
rst 
tes 
IN : 

ms 
ion 

inc 
aL 4 
> 
de 
< 

4 

[BER 
yall 


8" — restri 


not de 
Table 5—Tension Tests of Fillet-Welded Double-T. i 
" e-Tee J 
3 Made with */\,-In. E6010 Electrodes on Painted 
Average? Location metal 
Paint Ultimate of 
No.* Load, Lb. Fractur: 
5 Bare 76,500 Plate 
a 2 Li 70,700 Weld 
Weid 
ro) L10 76,300 Plate 
- z Lil 75,400 Plate 
< w L12 74,200 Weld 
Z1 77,000 Plate 
aon Z2 76,100 Plate 
ail thickness approximately 3 mils. 
A j=) verage, two tests. 
in welding over some paints, the strength of the weld 
cae metal and of the average welded joint was not ap- 
preciably affected by paint coats 2 to 3 mils thick. This 
3" a was especially true when welds were made in the flat 
position. 
Root-Bend Tests 


|. 
TENSION TENSION 
SPECIMEN ||| SPECIMEN : In all of the strength tests previously discussed, the 
weld metal was either from the heart of the joint, with 
root metal removed (0.505-in. tension specimen), or was 
a cross section of the entire weld joint (transverse tension 
specimens from butt and tee joints). These tests demon- 
strated the strength propérties that may be expected of 
joints which are subjected to simple static loads, with no 
localized overstressing. 
= | = The radiographs and weld fractures of welds on painted 
Fig. 7—Fillet-Welded Double-Tee Joint Specimen for Tension plates indicated that defects, caused by the influence of 
Tests paints, were most likely to occur at the root of the weld. 
In this region, manipulation of the electrode is naturally 


which was overheated and discolored and, in some cases, 
blistered or charred by the heat flowing through the */,-in. 
cross plate. The remaining two corners were then 
brushed and repainted, and fillet welds “‘3’’ and ‘‘4”’ were 
deposited in flat positon with */;.-in. E6010 electrodes. 

The size of the fillets was maintained as closely as pos- 
sible at '/,in. This was done to obtain a joint not quite 
100% efficient (according to accepted design specifica- 
tions), since it was desired to produce failure in the 
weld, so that the possible effects of the paints could be 
detected. The welds were made in the flat position in 
order to obtain best control of fillet size, even though it 
was recognized that the influence of the paints might be 
more pronounced if vertical welds were used. 

The results of the tests are given in Table 5. Some of 
the specimens failed in the plate, and some in the welds 
(either along a leg or through the throat of the fillet). 
The tensile strength is therefore given in pounds breaking 
load, rather than as pounds per square inch, because the 
initial area of the fracture varied with its location. 
Typical broken specimens are shown in Fig. 8. Most 
specimens that failed in the weld showed a distinct ‘‘neck- 
ing’’ in the */s-in. plate away from the joints. This indi- 
cates that these specimens had almost 100% joint effi- 
ciency. 


All specimens had practically the same strength. The hae os 
slightly lower breaking strength of the L1 specimen (94% ~~. 
of the average strength of all specimens) is not considered ta fs 
significant, because even in this specimen, necking of the me 6 a eo 
3/s-in. parent plate took place. The results of the tee- 
joint tests support the findings of the previous strength Fig. 8—Typical Tension Fractures of Fillet-Welded Double-Tee 
tests; viz., that while difficulty may have been encountered Joints 
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restricted (as in groove joints), or penetration is normally 
not deep (as at the root of most fillet welds); and the 
,mount of fresh, uncharred paint is usually at a maximum. 

To obtain more data on the properties of root weld 
metal which had been exposed to paint, specimens cut 
fom single-V butt joints were bent in a standard guided- 


Class A: Quality of weld 

and fusion at root are satis- 

factory. Soundness rating 

of these welds normally 
Group 1. 


Class B: Quality of weld 
and fusion at root are satis- 
factory. Soundness rating 
of these welds Group 1 or 2. 


Class C: Quality of the 
weld is satisfactory except 
for shallow but fairly con- 
tinuous lack of fusion at root. 
Weld metal ductile; sound- 
ness rating Group | or 2. 


Class D: Border-line weld 
quality; definite lack of 
root fusionjand some por- 
osity at root face. Soundness 
rating usually Group 2, 
occasionally Group | or 3. 


Class E:., Quality of weld 

unacceptable; excessive 

root defects. Soundness 
rating Group 2 or 3. 


Fig. 9—Ratings of Root-Bend Tests 


EFFECT OF PAINT ON WELD QUALITY 


] 
Table 6—Root-Bend and Soundness Ratings of Groove 
Welds in Painted Plates 
Bend? and Soundness’? 
Paint Vertical Welds with #/j.-In. Flat Welds '/,-In. 
No. E6010 Electrodes E6020 Electrodes 
d e 

Bare A,Al A, A 2 A, Al 

Ll he B, E 2 

L6 D,F 2 

L8 ot. 2 A, B 2 B, D 2 B, Bl 

L9 B, C 2 A, D2 B,B3 D,D2 

L10 D, E 3 A, Bl 

Lll A, B 2 B, D1 

L12 A, B, B 2 A, Al 

Z1 pay SS A, B 2 B, B 2 B, B 2 

Z2 A, Bl A. A,Al 


* Letters indicate bend-test ratings for duplicate specimens; see 
Fig. 9. 
* Numbers in italics indicate X-ray soundness ratings; see Fig. 


* Paint thickness approximately 1 mil; root of groove ’/ -in. 
wide; no preheat used. 

¢ Paint thickness approximately 3 mils; root of groove */;,-in. 
wide; 200° F. preheat. 

¢ Paint thickness approximately 3 mils; root of groove '/,-in. 
wide; 200° F. preheat. 

‘ Paint thickness approximately 3 mils; root of groove */s-in. 
wide; 200° F. preheat. 


bend jig* with the root of the weld on the tension side. 
The usual criterion of acceptability in this test, as used in 
the qualification of welding operators, is that no cracks 
larger than '/s in. in major dimension shall develop on 
the tension side of the specimen when it is fully bent. 
This criterion was not used in the tests of welds made on 
painted plates, because it was incompatible with the 
criteria for X-ray acceptability, which are shown in Fig. 
4. The root-bend test is primarily intended as a severe 
test of welders’ skill, and the weld metal has to be not 
only ductile, but virtually free of defects, at least near 
the tension surface, in order that the usual criterion of 
acceptability will be met. The X-ray standard permits 
the presence of a limited amount of porosity (depending 
on the class of service to which the weld will be put), and 
it is reasonable to assume that many welds of Group 3 or 
even Group 2 X-ray quality would fail in the guided- 
bend test, if some of the defects permitted by the X-ray 
standard were in the tension side of the specimen. 

Therefore, the performance of the root-bend specimens 
of welds on painted plates was graded according to an 
arbitrary classification, in which the tolerance for weld- 
metal porosity (but not for gross lack of fusion or low 
ductility) was approximately of the same order as given 
in the X-ray standards. This arbitrary root-bend-test 
standard is shown in Fig. 9. 

The specimens for the root-bend tests were taken either 
from the welded plates used for transverse tension speci- 
mens (Fig. 5), or from similar plates welded especially for 
root-bend specimens. The welds were made in the verti- 
cal position with */;.-in. E6010 electrodes, and in the flat 
position with '/,-in. E6020 electrodes. The groove di- 
mensions were the same for all welds, but a wider root 
opening (°/,5 to */s in.) was used with the E6020 elec- 
trodes. The plates and backing strips were grit blasted 
and painted with 1 to 3 mils of several types of red lead 
base (both high and reduced red lead content) and zinc 
chromate base paints. The welded plates were radio- 
graphed, and specimens then removed and machined for 
the bend test. 

The test results are given in Table 6. Without excep- 
tion, all of the welds had acceptable radiographic ratings 


P * Refer to A.W.S. Standard for Guided Bend Test, Welding Handbook, 1131 
1942). 
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STD. CHARPY it 


<ROOT WELD METAL 
Fig. 10—Location of Charpy Bars in Weld Joint 


(Group 3 or better). The soundest welds were those 
made on unpainted plates, and on plates coated with one 
of the zinc chromate base paints. The specimens painted 
with the red lead base paints, and with another of the zinc 
chromate base paints, had an average soundness of Group 
2. The welds made in the flat position with E6020 elec- 
trodes were generally sounder than the vertical welds 
made with E6010 electrodes. The majority of defects 
disclosed by the radiographs, and by subsequent bending, 
were at the root of the weld. 

The bend tests indicated that all of the weld metals had 
good ductility, even though some of the bent specimens 
had moderately large or extensive root fissures (bend 
rating D) or breaks (bend rating E). The cracks or 
breaks were induced by the presence of root defects, such 
as slag entrapment and incomplete fusion; away from 
these defects, the weld metal showed adequate ductility. 

The most satisfactory root bends were obtained with 
unpainted specimens, and with the specimens coated 
with Paint Z2. Satisfactory bend results, based on the 
standard shown in Fig. 9, were also obtained with most of 
the specimens painted with the red lead base paints. In 
general, the appearance of the tension (root) side of the 
bend specimens could be correlated with the degree of 
soundness shown by the radiographs. Of the 25 speci- 
mens with an “‘A’”’ bend rating, 24 were of Group 1 or 
Group 2 soundness, with Group 1 predominant. Of the 
21 specimens with a “‘B”’ bend rating, 19 were in Group 1 
or Group 2, with Group 2 predominant. Most of the 
specimens with “‘C,” ““D” and “E” bend ratings had a 
soundness rated as Group 2. 

The root-bend tests indicate that for most of the paints 
tested, some root defects can be expected in welds on 
painted plates, and particularly in welds made in the ver- 
tical positon. While these defects are usually not seri- 
ous, and do not influence the tensile strength of the 
joints, the broad conclusion is that where superior root- 
metal quality is required, the joint should be unpainted, 
or only very thin coats of paint should be used. 


Notched-Bar Tests 


In view of the mounting interest in the notched-bar 
properties at various temperatures of welds and weld 
joints, a brief series of notched-bar tests was made on 
specimens taken from welds made on painted plates. 

The welds were made in the flat position with */;.-in. 
E6010 electrodes, in 60° single-V grooves in */,-in. steel 
plate, with a root opening of '/, in. and mild-steel back- 
ing strip. One plate was welded in the unpainted con- 
dition; the grooves and backing strips of other plates 
were coated with about 3 mils of L1, L8, L9, L10, Lll and 
L12 red lead base and Z1 and Z2 zinc chromate base 
paints. 

Most of the radiographs of the welded plates indicated 
a soundness of Group 1; the joints coated with Ll and L11 
paints were of Group 3. Most of the defects present in 
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the latter were small, and concentrated in the root weld 
bead near the toes of the original bevels. 
Standard Charpy bars were cut transversely to the 


weld joints, with the weld metal at the center of th 
and with the keyhole notch so located that the me 


€ bar, 


tal be- 


neath the notch was principally that of the rdot weld bead 


(Fig. 10). 


The bars were tested at tem 
from +80° F. to —80° F. 


peratures ranging 


The results, shown in Fig. 11, indicate that the 


notched-bar strength of the weld metal was not influenced 
by the presence of the various test paints. The scatter 
in energy-absorption values at any given temperature js 
within normal limits, and no significance is attached to 
the relative values for different paints at the same tem. 
perature. The decrease in notched-bar strength that 
begins at about 0° F. and below is characteristic of the 
type of weld metal tested, as shown by the values for the 
unpainted specimens, and is not caused by the influence 


Of the paints on the weld metal. 


This paper described the results of tests to determine 
the effects of several types of red lead base and zinc chro- 
mate base priming paints on the quality of metal-arc 
welds in plain-carbon structural steel. 
joints, coated with 1 to 10 mils of paint, were welded in 
the flat, horizontal, or vertical position with several types 
The influence of the paint on 
welding was evaluated by observations of the ease of 
welding, by radiographic inspection of welds for internal 
defects, and by tension, bend and Charpy tests of weld 


of mild-steel electrodes. 


joints. 


In general, all of the paints tested had a noticeable, and 
sometimes detrimental, effect on the ease with which 
This effect varied with the posi- 
tion of welding, the type of electrode, the composition o/ 
the paint and increased markedly with the thickness of 
It also varied from welder to welder; 
more highly skilled operators had less difficulty than did 
other welders with less experience with painted surfaces, 


welds could be made. 


the paint film. 


Summary 


but this difference was not consistent. 
Although clean steel surfaces free from mill scale pro 


vided the best conditions for welding, a 3-mil coat of the 
red lead mixed-pigment paints and the zine chromat 
base paints gave very little trouble (though the influence 
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Various types of 
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Fig. 11—Notched-Bar Tests of Weld Metal Deposited in Painted 
Groove Joints with E6010 Electrodes 
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of the paint was noticeable ) in the making of welds, even 
in the vertical position. 

Red lead base and zinc chromate base paint films not 
exceeding a dry film thickness of 3 mils had no significant 
efiect on the tensile strength of weld metal, groove-welded 
putt joints, and fillet-welded tee joints, nor on the notched 
bar properties of weld metal in the range +80° F. 
to ~SO° F. Except for a few isolated specimens, the 
soundness of the welds was satisfactory for all paints 
tested, and within the acceptable limits for weld porosity 
sven in the Navy Department X-Ray Standards for 
Production and Repair Welds. 

The strength, ductility and soundness of the welds 
depended more on the ability of the welder to overcome 
the interference of the paint film, than on the direct effect 
of the paint on the weld metal. The influence of paint 
was most evident in vertical welding, and was confined 
largely to the first weld pass. After the first pass in 
multiple-pass welds, the paint was badly charred or 
burned away, and most of the residue was removed during 
saling or wire brushing in p-eparation for the next pass. 

The most pronounced effects of paint on weld quality 
were the porosity and occasional incomplete fusion at the 
bottom edges of the root pass in groove welds, and in- 
complete penetration at the root of fillet welds. These 
defects were usually minor in character. They were 
more in evidence with the red lead base paints, but were 
usually overcome by reducing the paint film thickness, and 
through the skill of the welder. 

The root-bend tests of welds on painted plates showed 
rather erratic results and, in general, were inferior to 
tests of welds on unpainted plates. Root bending magni- 
fied the influence of localized defects on weld-joint 
strength, and it might be concluded that to avoid such 
defects, in weldments where top-notch quality is re- 
quired, the use of priming paints should be avoided or 
limited. However, the root-bend tests described in this 
investigation did not give sufficiently consistent data 
irom which definite conclusions could be drawn, and it is 
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believed that more extensive tests of this kind need to be 
made. 

Satisfactory welds were made on steel coated with 1- , 
to 2-mil films of paints having a high red lead content in a 
the pigmentation, but adverse effects of these paints on 
weld-metal deposition and quality became evident as the 
film thickness increased, as the welding current decreased 


and when welding was done in the vertical position. The ae 
red lead mixed-pigment paints were found to overcome ase 
these restrictions to a very large degree, and the tests 
reported here suggest that, in thicknesses up to 3 mils, 
they can be satisfactorily used as priming coats under 
most welding conditions. However, since all the paints, 
regardless of composition, behaved like other surface 


contaminants, it appears desirable to limit priming 2 ae 
coats to the minimum thickness consistent with ease of ‘f * 
application of the paint, proper coverage of the steel sur- At g 
face and good workmanship in welding. ye 
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The Flash Welding of Structural 


Aluminum Alloys 


By R. M. Currant and R. C. Becker? 


Summary 


flash welding of 14S, 24S, 52S, 53S;-61S and Alclad 

75S aluminum alloys in the 0.125-, 0.188- and 
0.250-in. gages. Specimens 2 in. in width were used 
throughout the investigation. Weld quality was evalu- 
ated on the basis of tensile tests made using the as-welded 
specimens as well as standard machined specimens. A 
limited number of tensile impact tests were made of the 
flash-welded joints and hardness traverses were taken 
acrdss the weld zones. 

The flash-welding characteristics of the above alloys 
were studied in both the age-hardened and annealed 
conditions except in the case of 52S which was studied in 
the half-hard and annealed tempers. In addition to 
testing the flash welds in the as-welded condition several 
tensile tests were made of welds which had been furnace 
heat treated after welding. 

As a result of this investigation two relatively new con- 
cepts have been introduced, the first of which is the tise of 
three-stage heat control during the welding cycle. With 
three-stage current control, butting can be avoided at 
the start of flashing, coarse flashing can be avoided during 
the remainder of the flashing cycle and the extent of 
overaging due to upset current flow can be reduced. 
The second concept is the use of much greater upset 
travel distances for aluminum alloys than is the practice 
in flash welding other materials. This procedure appears 
necessary in the flash welding of aluminum alloys if the 
oxide formed during the flashing cycle is to be eliminated 
from the final weld line. 

The results of this investigation indicate that flash 
welding is a suitable means of fabricating 145, 24S, 52S, 
53S, 61S and 75S alloys. Although high-tensile joint 
efficiencies were obtained in the O tempers of these alloys 
the welds were not considered satisfactory since photo- 
micrographs showed the presence of oxide in the weld 
line. This was further substantiated when welds made 
in the annealed material were age hardened after welding. 
These specimens showed relatively low joint efficiencies 
because the heat treatment could not affect the strength 
of the oxidized weld line. 

In general it has been found that higher weld strengths 
can be obtained by welding the hard tempers of the alumi- 
num alloys than by welding in the annealed condition. 
Joint efficiences exceeding 90% can readily be obtained 
in welds me: in the hard tempers and, if desired, full 
sheet strength can be obtained by heat treating after 
welding. Experiments conducted on the 525 alloy in 


7 NHE investigation “herein reported covered the 


* Presented at the Twenty-Eighth Annual Meeting, A.W.S., Chicago, II1., 
week of Oct. 19, 1947. 


the '/.H condition show that the work-hardened mate. 
rials have the same flash-welding characteristics as the 
aged tempers of the heat-treatable alloys. 

Tensile impact joint efficiencies of welds made in 24S. 
T, 53S-T and 52S-'/:H usiag the welding conditions pre- 
sented in this report were found to be higher than those 
of welds made in 14S-T, 61S-T and 75S-T. Joint efi. 
ciencies in tensile impact were considerably lower than 
would be expected in view of the high tensile joint efii- 
ciencies obtained. The type of tensile impact specimen 
which was used, however, considerably exaggerated the 
effect of softening in the weld line due to overaging. 

Hardness surveys across the welds made in the age. 
hardened temper of the alloys indicate that the strength 
of these welds depends on the work hardening as well as 
the overaging properties of the material. In some cases 
it appears possible to counteract the softening of the 
weld zone due to overaging by cold working the weld 
zone during the upset portion of the welding cycle. This 
further emphasizes the important role of upset travel in 
the flash welding of these alloys. 

The need for an investigation of the thermal cycles and 
temperature gradients associated with the flash-welding 
process has been demonstrated. Experimental research 


designed to procure this type of information is now being 


conducted. 


Introduction 


The flash welding of aluminum alloys involves several 


problems which are unique with these materials. 


These § 


problems arise due to the following properties of the J 


aluminum alloys: (1) The oxide of aluminum forms with 


very great rapidity; (2) the electrical and thermal con- J 


ductivities are extremely high; (3) the structural alum 


num alloys obtain their high-strength properties either § 


by a work-hardening or age-hardening process. 


The affinity of aluminum for oxygen is so great that it J 
is very difficult to eliminate the oxide from the flashing 


interface prior to upset: The oxide, therefore, must be 
eliminated during the upset portion of the welding cycle 


The problem of flash welding aluminum alloys therefore @ 


involves establishing a temperature gradient during the 


flashing and upset cycles to permit sufficient upset 


eliminate the oxide from the weld line, and at the same 
time not cause excessive recrystallization or overagis. 


Material 


This investigation was conducted using 145, 245, 525) 


53S, 61S and 75S aluminum alloys in the 0.125-, 0.185 


+ Welding Laboratory, Rensselaer Polytechnic Institute, Troy, N. Y. and 0.250-in. gages with coupons 2 in. wide and 6 1. 
} Manufacturing Research Division, International Harvester Co., Chicago, l 
llinois. ong. 
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The materials were studied in both the age-hardened 
and annealed tempers except in the case of 52S (a non- 
heat-treatable alloy) which was welded in the half-hard 
and annealed tempers. 


Equipment 


This investigation was performed using a 300-kva. 
nydraulically operated flash welder which was presented 
to the Welding Laboratory of the Rensselaer Poly- 
technic Institute by the Federal Machine and Welder 
Co. The machine was designed to permit a 
study of the fundamentals variables associated with the 
fash-welding process and therefore possesses several 
features not normally found on standard flash-welding 
equipment. 

One of the unique features is the division of the upset 
portion of the welding cycle into two distinct phases. 
The first phase, which might be designated as ‘‘closure,”’ 
is the initial part of upset in which the flashing interfaces 
are quickly brought together. This closure is unique in 
that extremely high platen accelerations are possible, 
ranging up to 5000 in./sec./sec. over a range of platen 
travel up to 0.1 in. Both magnitude of acceleration and 
the distance through which it is effective are individually 
controllable between the limits mentioned. The second 
phase, which may be designated as “‘forging,’’ immedi- 
ately follows the closure and deals with the hot forging 
or upsetting of the material within the weld zone. Forg- 
ing can be accomplished at any rate up to 2 in./sec., 
compatible with the maximum pressure rating of the 
machine. This rating is 29,400 lb. available upset force 
which may be exceeded by 25% for occasional operation. 

The 300-kva. welding transformer is provided with 
aight primary taps to give open circuit secondary voltages 
ranging from 8.2 to 15.7 v. when 440 v. is applied to the 
primary. An ignitron contactor using two type D tubes 
carries the welding current. A dummy load resistor is 
connected across the tubes and in parallel with the pri- 
nary of the welding transformer to insure stable oper- 
ation of the ignitron tubes during intermittent flashing. 

The welding machine provides for a maximum platen 
travel of two inches. Platen travel adjustments provide 
imaximum gap between clamps of four inches. The 
amps are direct-acting horizontal type exerting a maxi- 
num clamping pressure of 9600 Ib. Adjustable mechani- 
al back-ups are provided to relieve the clamping dies of 
the upset pressure loads. The mechanical back-ups 
were used throughout the investigation since the clamp- 
“lg pressure available was insufficient for even the small- 
section welded. 

A squirrel-cage motor drives a sequence cam shaft 
through a speed reducer and provides the means of con- 
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Fig. 2—Current Control Circuit for Flash Welding 


trolling the automatic welding cycle. A spiral cam actu- 
ating a servo valve controls the oil flow to the main 
cylinder in such a manner that the platen movement dur- 
ing flashing follows a time displacement pattern which is 
similar to the angular rise pattern of the particular cam 
being used. The cam contour used throughout this in- 
vestigation is shown in Fig. 1. An adjustable level link- 
age between the servo follower valve and the platen per- 
mits an adjustment of the platen travel/cam rise ratio 
without destroying the similarity of the pattern. The 
same shaft provides a means of controlling welding power, 
upset initiation and any other timing function which may 
be desired. 

A General Electric thyratron heat control station is 
used for controlling the power level at various times dur- 
ing the welding cycle. A schematic diagram of the heat 
control station is shown in Fig. 2. Phase back initiating 
switch B is opened a few cycles after flashing has been 
initiated, reducing the power level to a value necessary 
to maintain fine flashing. Contact E is opened at upset 
thereby reducing the power level to a still lower value. 

The power supply to the welding machine is obtained 
from a 350-kva. single-phase generator driven by a 4160- 
v. synchronous motor and is located 300 ft. from the 
welder. This long bus together with the regulation of 
the generator provides a power supply which has a definite 
drooping characteristic. This fact should be kept in 
mind when applying the results of this investigation to 
machines with a constant voltage supply. 

Records of platen travel and primary current as a 
function of time were taken on a Brush direct inking 
oscillograph. From these records it was possible to deter- 
mine the flashing distance, flashing time, upset travel 
distance, upset velocity, upset current duration and upset 
current magnitude. 
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Procedure and Results 


Optimum welding conditions might be defined as those 
which would permit the production of maximum strength 
welds with a minimum machine capacity. However, it 
was not the purpose of this investigation to determine 
optimum welding conditions since such data would only 
apply to a particular gage and width studied and would 
not have as widespread application as the type of in- 
formation obtained from a more general investigation. 

The object of these experiments was to determine weld- 
ing conditions which could be used to produce satisfac- 
tory welds in the various alloys and gages and to study 
the permissible variations of the more critical variables 
which would not seriously reduce the weld quality nor 
the consistency of weld production. Welding condi- 
tions were considered satisfactory if the tensile speci- 
mens tested in the as-welded condition (with the flash 
left on) failed in the parent sheet or had a joint efficiency 
of more than 90%. Such evaluation of welding condi- 
tions, while admittedly inferior to the use of machined 
specimens for testing, permitted compilation of a greater 
amount of data than would have been possible had it 
been decided to machine all specimens tested? A com- 
parison of tensile strength of machined and as-welded 
specimens indicates that the reinforcing action of the 
flash may contribute as much as 10% to the joint effi- 
ciency. However, the flash may be machined off to 
within approximately '/s4 in. of the surface, as is fre- 
quently done in commercial practice, without reducing 
the joint efficiency below that obtained with the entire 
flash left on. 


Upset Current Duration.—A previous investigation! 
of the flash welding of 24S-T in the 0.064-in. gage indi- 
cated that the timing of current cutoff with respect to 
upset was very critical. That investigation concluded 
that the current must be cut off less than 1 cycle after 
upset if serious overaging was to be avoided. Since such 
precise control would be difficult to attain in production 
welding, the first aim of this investigation was to deter- 
mine some means of alleviating the critical nature of this 
variable. 

The thyratron control station shown in Fig. 2 was 
added to the ignitron contactor to provide a reduction in 
power level during upset. It was expected that a re- 
duction in power level during upset would permit con- 
tinued current flow after upset without the harmful 
overaging effects previously encountered. 

Experiments conducted using this type of control 
indicated that with the proper reduction in the upset 
power level, the current could be allowed to flow as much 
as 30 cycles without appreciably reducing the weld 
strength, even in the thinner gages. 

“ The timing of phase back with respect to upset is not 
a critical variable as long as the reduction is not suffi- 
cient to cause butting. If the pieces butt prior to up- 
set, the effect of overaging is as great as if full short 
current is allowed to flow after upset. 

Upset Travel Distance-—The two important problems 
encountered in the flash welding of aluminum alloys are 
the avoidance of severe overaging and the elimination of 
oxide from the weld line. When using the heat control 
previously discussed, the problem of overaging is still 
of importance but its effect is minimized. The elimina- 
tion of oxide, however, becomes a greater problem as 
larger gages are welded. The welding variable which 
has greatest influence on the control of this defect is the 
amount of upset travel distance employed. Other vari- 
ables such as flashing time, distance and power level 
affect the removal of oxide only in so far as they influ- 
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ence the character and amount of upset travel which may 


be employed. In general it appears necessary to adjust “a 


the welding conditions in order that an upset travel dis. om | 
tance is obtained which is approximately three times the “il 
minimum dimension of the section being welded if an : e 
oxide-free weld is to be produced. * 

When welding the annealed temper of the aluminun ee 
alloys it appears to be impossible to eliminate all oxide sm 
from the weld line. Figure 3 contains photomicro- “fic, 


graphs of welds made in the annealed and hardened 
tempers of the same alloy showing the difference in the 
nature of upset obtained in the two materials. In the 
weld in the annealed material (Fig. 3 (@)) it can be seen 
that the flow lines are generally perpendicular to the 
weld line while the weld made in the age-hardened ma. 
terial (Fig. 3 (6)) shows flow lines which are generally 
parallel to the weld line. It is believed that greater 
purging of the weld line is obtained when an upset char. 
acteristic similar to that shown in Fig. 3 (0) is obtained 

The half-hard temper of 52S exhibits the same type 


Fig. 3 
(a) Flash Weld in 0.125-In. 14 S-O Showing Flow “id | 
Typical of the Soft Tempers. (b) Flash Weld in 14 S-7 0.129 voltay 
Showing Flow Lines Typical of the Hardened or T Tempers. the ec 


NOVEMBES 


ery 
due 
alloy 

roe 

lowit 

seco! 

Alloy 

ve 

quan 

. 

Ret 

(b) ad p 

666-s M7 


of upset characteristics as the age-hardened tempers of 
the other alloys and it is possible that the O tempers of 
the age-hardenable alloys might be welded satisfac- 
torily if they were work hardened prior to welding. In 
eneral, however, the O tempers of the aluminum alloys 
are difficult to flash weld and their fabrication by this 
process should be avoided if possible. A weld made 
using the annealed material may show very high joint 
efficiency when tested in the as-welded condition and a 
very low joint efficiency when heat treated after welding 
due to the oxide contamination of the weld line. 

Flashing Velocity.—In the flash welding of aluminum 
alloys the flashing velocity cannot be termed a critical 
variable. The flashing velocity used, however, will de- 
termine the proper selection of the other variables of the 
process, especially the flashing power level. The fol- 
lowing table illustrates the effect of flashing velocity on 
secondary voltage and tensile strength: 


Joint 
Flashing Secondary Efficiency, 

Alloy Velocity Voltage % 
148-T 0.32 in./sec. 19.6 90 
148-T 0.06 in./sec. 7.35 88 
53S-T 0.26 in./sec. 17.9 99 
53S-T 0.06 in./sec. 7.35 92.5 
61S-T 0.30 in./sec. 17.9 94.6 
61S-T 0.06 in./sec. 7.35 84.1 


Since the flashing power level is roughly proportional 
to the square of the secondary voltage it can be seen 
from the above series that a reduction in the flashing 
velocity of 75-80% permitted a reduction in the flashing 
power level of about 75% while causing less than 10% 
decrease in the tensile joint efficiency. The reduction in 
tensile strength in the case of the slower flashing veloci- 
ties is due to an increase in the extent of overaging and 
100% joint efficiency was obtained in welds made 
with these conditions when the welds were heat treated 
prior to testing. 

The use of lower flashing velocities might be justified 
if very high joint efficiencies are not required or if the 
quantity of production is such that it would be more 
economical to use a lower machine capacity accompanied 
by furnace heat treatment, rather than to invest in 


, ¢quipment of sufficient capacity to produce welds which 


could be used in the as-welded condition. 

Flashing Distance.—The flashing distance or amount 
of burn-off was not found to be a critical variable in the 
fash welding of aluminum alloys as long as the material 
fashed was sufficient to produce the desired temperature 
gradient adjacent to the weld. A flashing travel of 
)35 to 0.50 in. seemed to be satisfactory for all alloys 
and gages welded in this investigation. While flashing 
distances of less than 0.35 in. might be satisfactory, it 
8 believed that the shorter distances would not estab- 
lish the temperature gradient necessary for the upset 
travel required to purge the weld line of oxide. Minor 
variations in flashing distance have little or no effect 
oi weld strength as long as the minimum value of about 
130 in. is exceeded. 

Flashing Power Level——The minimum power level 
which may be used in flash welding aluminum alloys is 
itpendent on the end preparation as well as on the flash- 
lig Speed as previously discussed. In order to eliminate 
‘id preparation as one of the variables of the process all 
Welds in this investigation were made with square edges. 
End preparation of this type required higher secondary 
voltages to initiate flashing than would be necessary if 
the edges of the pieces had been beveled prior to welding. 


STANDARD TENSILE SPECIMEN 
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6.5" 
Fig. 4 


In order to study the effect of flashing power level on 
weld strength the thyratron control circuit presented in 
Fig. 2 was used to provide for use of a high power level 
to initiate flashing and a lower power level during the 
flashing cycle. 

If the high power level necessary to initiate flashing 
were used throughout the flashing cycle it would cause 
coarse flashing and produce deep oxidized pits difficult 
to eliminate during the upset cycle. Although defects 
of this type do not seem to be as predominant when 
flash welding the aluminum alloys as when flash welding 
other materials such as steel, they may be caused by ex- 
cessively high flashing power levels. The secondary 
voltage used in the flash welding of aluminum alloys 
therefore should be maintained at a value just above 
that necessary to maintain flashing throughout the 
welding cycle. 

v Upset Velocity —There is a distinct advantage in the 
use of high upset velocity during the interval previously 
termed as closure. A rapid upset has the effect of sud- 
denly eliminating the hottest material from the weld 
line thereby causing the material within the weld line to 
have, a lower average temperature. This in turn tends 
to alleviate to some extent the critical nature of the up- 
set current duration and magnitude since less heat will 
be generated in the lower temperature and consequently 
lower resistivity material present in the weld zone. The 
use of a rapid upset also tends to limit the extent of oxi- 
dation occurring between the end of flashing and the 
begigning of upset 

The type of upset cycle provided in this machine seems 
satiqieetaty for the aluminum alloys. Advantage might 
be taken of this type of upset cycle in fixed cam machines 
by atljusting the upset block to provide a rapid closure 
travel of approximately 0.10 in. and accomplishing 
the rest of the upset with a slower forge. Upset veloci- 
ties of 10-15 in./sec. seem satisfactory during the rapid? 
closure. 

‘ General Effect of Alloy, Gage and Temper on Welding 
Conditions —A summary of the recommended welding 
conditions for the alloys studied in this investigation is 
presented in Table 1. A summary of all tensile tests is 
presented in Table 2. 


In general there appears to be no pronounced differ-~ 


ence in welding conditions for the different alloys in the 
same gage and the same temper. Satisfactory welds 
may be made in all alloys in the same gage, with only 
minor changes in the welding conditions necessary to 
obtain satisfactory results. The annealed tempers of all 
alloys were found to be difficult to weld because of the 
problem of eliminating oxide from the weld line. 
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Tensile Impact Strengths of Flash Welds 


In order to further evaluate the weld quality obtained 
using the welding conditions presented in this report, a 
series of tensile impact tests were made. Standard ten- 
sile impact specimens were machined from a series of 
welds made in the alloys discussed in this report. In 
addition, control specimens were made from the un- 
welded sheet. A summary of the tensile and tensile 
impact joint efficiencies obtained in these welds is as 
follows: 


———Joint Efficiencies, %——— 

Alloy Tensile Tensile Impact 
24S-T 96.6 89.0 
96.2 75.0 
53S-T 99.0 64.0 
61S-T 94.6 36.8 
14S-T 90.0 25.2 
75S-T (Alclad) 91.6 22.2 
52S-O 92.5 95.2 
98.5 61.0 


75S-O (Alclad) 


Although the tensile impact results fall in the same 
general order as the tensile joint efficiencies, the values 
obtained in the tensile impact tests are surprisingly low 
for most of these alloys. 

Since the tensile impact tests measure the energy re- 
quired for fracture in tension, the tensile impact strength 
depends on two properties of the material, its tensile 
strength and the elongation over the gage length used. 

The length of specimen which is subjected to tensile 
impact is about two inches (Fig. 4). It is evident in the 
hardness surveys presented later in the report that the 
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length of the heat-affected zone near the weld is aboy; 
‘/4in., or one-eighth of the total gage length. Any local. 
ized softening in the weld zone which would cause a re. 
duction of yield strength in the region, would bring about 
a decrease in total elongation even though the loca] 
elongation were high in the vicinity of the weld. Be. 
cause of the lower tensile properties of the weld zone 
this material would elongate and fail before the stress jy 
the remaining seven-eighths of the gage length caused 
elongation. This condition would result in the lowering 
of the tensile impact strength. 

A reduction of the impact joint efficiency may also be 
caused by localized hardening in the weld line as a result 
of cold work performed on the weld and adjacent mate. 


rial during the upset cycle. 


Due to the high strength of 


the work-hardened material failure will occur in the sheet 
and little if any elongation will take place in the weld 
Due to the comparative lengths of the parent 
sheet and weld zone in the gage length, however, the 
effect of hardening in the weld zone would be less than 
the effect of weld-zone softening. 

It is apparent from the above discussion that the gage 
length used in the tensile impact test is extremely im- 


zone. 


portant when testing flash welds. 


When testing welds 


in which weld-zone softening has taken place, an in- 
crease in impact joint efficiency could be expected as the 


gage length is reduced. 


When testing welds in which 


weld-zone hardening has taken place, however, higher 
impact joint efficiencies should be obtained with a longer 
gage length. The dimensions of the tensile impact 
specimen should therefore be governed by the type of 


application in which the flash weld is to be used. 


It is 


evident from this discussion that a comparatively low 
impact joint efficiency is not an indication of a brittle 
structure, but is only the result of nonuniform tensile 
properties in the material being tested. 
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Table |1—Summary of Flash-Welding Conditions of Aluminum Alloys 


Secon rent 
Flashing Upset Flashing Open-Cir. Upset Ourrent Initial + 3 

Travel Travel Time Secondary Duration Contact Flashing Upset 

plloy Gauge _(in)  _(in) _(seo.) Voltage _ (cycles) (amps) 8 amps 
14%0 0.125" 0.45 0.30 1.1 10.3 16.0 28 , 400 24,100 21,300 
0.188" 0.40 0.67 1.4 10.3 16.0 27,200 20,400 20,400 
0.250" 0.56 0.78 1.4 17.9 17.0 34,700 29,500 26,000 
146-T 0.125" 0.45 0.35 1.1 10.3 6.0 27,000 21,600 18,900 
0.188" 0.40 0.67 1.4 10.3 15.0 27,200 20,400 20,400 
0.250" 0.38 0.71 1.2 17.9 17.0 36,100 30,700 27,100 
245-0 0.125" 0.35 0.28 1.1 10.3 16.0 27,100 25,000 20,500 
0.188" 0.26 0.78 1.4 14.4 15.0 31,500 26,800 26,800 
0.250" 0,49 0.67 1.5 17.9 17.0 36,500 31,000 27,400 

245-T 0.125" 0.46 0.56 1.4 10.3 15.0 25,600 19,200 19,200 
0.188" 0.26 0.78 1.4 14.4 15.0 31,400 26,700 26,700 
0.250" 0.35 0.72 1.2 17.9 24.5 38 ,600 52,800 29,000 
525-0 0.125" 0.59 0.36 1.85 11.8 5.3 24,700 18,500 16,000 
0.188" 0.69 0.57 1.00 16.9 25.0 35,500 35,500 26,600 
0.250" 0,44 0.67 1.3 17.9 25.0 38,100 38,100 50,500 
52S-}H 0.125" 0.54 0.41 1.85 11.8 5.0 25 , 400 17,600 15,200 
0.188" 0.40 0.57 1.29 15.0 5.0 28 , 600 22,900 17,200 
0.250" 0.34 0.72 1.28 17.9 17.5 40,100 40,100 32,900 
53%0 0.125" 0.49 0.59 1.4 11.8 15.0 27,800 20,800 20,800 
0.188" 0.37 0.64 1.4 13.4 15.0 29 ,800 26,550 26,350 
0.250" 0.62 0.94 1.5 17.9 17.5 34,200 29,100 25,700 
53&-T 0.125" 0.46 0.56 1.4 11.8 15.0 27,200 20,400 20,400 
0.188" 0.37 0.65 1.4 13.4 15.0 26, 600 19,900 19,900 
0.250" 0.36 0.80 1.37 17.9 24.5 35,700 30,400 26,800 
610 0.125" 0.45 0.55 1.4 11.8 15.0 26,800 20,100 20,100 
0.188" 0.37 0.66 1.4 13.4 15.0 26 ,'700 20,000 20,000 
0.250" 0.54 0.62 1.5 17.9 17.0 36 , 500 31,000 27,500 
6lS-T 0.125" 0,48 0.55 1.4 11.8 15.0 26,950 20,200 20,200 
0.188" 0.36 0.67 1.4 13.4 15.0 26 ,800 20,100 20,100 
0.250" 0.37 0.79 1.23 17.9 24.5 36, 400 30,900 27,300 

758-0 0.125" 0.54 0.41 1.85 11.8 4.5 23,400 17,600 15,200 
0.188" 0.41 0.56 1.30 15.0 5.0 29 , 500 23,600 17,700 
C.250" 0.35 0.73 1.3 17.9 24.5 41,900 41,900 33,500 

258-T 0.125" 0.82 0.42 1.85 11.8 5.5 23,400 17,600 15,200 
0.188" 0.40 0.55 1.31 15.0 6.0 28 , 300 22,640 17,000 
0.250" 0.41 0.70 1.30 17.9 25.0 40 ,000 40,000 32,100 


* Values of initial contact and flashing currents are estimated available computed from the measured values of upset current. 


The impact joint efficiencies of 75S-O and 52S-O are 
surprisingly high in view of the entrapped oxide which is 
generally present in the weld line of these materials. 
It is believed that the hardness of the weld line and ad- 
jacent material, as shown later in the discussion on hard- 
hess surveys, restricts the plastic flow in this region and 
the brittle oxide layer is not subjected to the same state 
oi stress as is present in a sheet possessing uniform prop- 
erties. Both tensile and tensile impact tests indicate 
that welds made in these materials are satisfactory in 
spite of the oxidized weld line. However, these alloys 
are seldom used in the annealed tempers and tests have 
shown that heat-treating welds made in the annealed 
material produce joints having very low tensile joint 
eliciency and almost no elongation. Therefore it is 
expected that very low tensile impact joint efficiencies 
would be obtained from welds receiving this treatment. 

It should be remembered that the welding conditions 
found suitable in this investigation were arrived at on 
the basis of tensile tests. The use of tensile impact 


tests would result in a more critical evaluation of the 
variables associated with the flash welding of aluminum 
alloys. It is reasonable to expect that a high-tensile 
joint efficiency would accompany high-tensile impact 
joint efficiency even though the reverse situation is not 
true. 


Hardness Traverses in Flash Welds 


In order to obtain more fundamental information re- 
garding the flash welding of aluminum alloys than 
could be obtained from tensile and tensile impact tests, 
a series of hardness traverses were taken across the weld 
line in each of the alloys studied. Hardness indenta- 
tions were made on the Vickers Hardness Tester at in- 
tervals of 0.020 in. on both sides of the weld. The hard- 
ness in Vickers Pyramid Numbers were plotted as a 
function of distance from the weld line for each alloy 
tested. 
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Table 2—Summary of Tensile Tests 


52S.—Hardness traverses in 525 are presented jpn 
Fig. 5. It may be noted that the 525-0 alloys show 
definite increase in hardness in the weld zone while the 
52S-'/2H alloys showed either a slight increase in hard. 
ness or a slightly lower hardness in the weld zone than 
in the parent sheet. The decrease in hardness noted 
in the 0.125-in. gage of 52S-'/:H is due to recrystalliza- 
tion caused by too high a power level during upset. 
Since the 52S alloy can be hardened only by cold work, 
it is apparent that the increase in hardness in the weld 
zone of the annealed materials is due to this phenome. 
non. Although the temperature attained by the ma- 
terial in and adjacent to the weld line is undoubtedly far 
above the recrystallization temperature of these alloys, 
work hardening could still take place because the up- 
setting action was so rapid and the time at temperature 
was so short that little annealing or recrystallization could 
be effected. 

The difference in the hardness distribution is believed 
to be the cause of the two different types of upset fibering 
observed in the hardened and annealed materials, pre- 
viously illustrated in Fig. 3. It appears that in the up- 
setting of the annealed materials the first section to de- 
form along the weld line work hardens and transfers 
further deformation to the material further from the 
weld line. As this material deforms it in turn work hard- 
ens and transfers further deformation still further from 
the weld line. The process progressively continues 
until upset is completed tending to produce the type of 
upset characteristic of the annealed materials in which 
the fibers are generally perpendicular to the weld line. 

In the hardened or T-temper materials the metal in 
the weld zone must also harden during the upsetting 
cycle but some softening also takes place due to over. 
aging or recrystallization and the resultant strength of 
this material is less than that of a section further from 
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As Welded Machined 
Alloy Gauge Strength Cv Joint eft. ‘Strength cv Joint 
: 148-0 0.125" 27,650 2.0 95.5 27,500 1.3 94.8 
‘ 0.188" 29,000 0.8 100.0 
0.250" 29,100 0.9 100.0 
14S-T 0.125" 64,700 5.8 90.6 
oa 0.168" 69,600 1.0 97.5 62,800 2,1 88.0 
0.250" 68,630 2.9 90.0 
248-0 0.125" 30,900 1.7 100.0 
a 0.188" 29,960 0.5 100.0 
0.250" 27,700 86.6 
24S-T 0.125" 438,000 1.0 96.1 65,600 5.5 92.6 
0.168" j000 96.1 
ee 0.250" 65,950 2.0 93.1 68,500 <-- 96.6 
528-0 0.125" 29,000 1.0 100.0 28,420 1.0 100.0 
0.188" 26,770 4.9 89.6 26,480 3.5 88.7 
0.250" 26,900 2.7 90.1 27,600 92.5 
Re 52S-tH 0.125" 37,870 0.7 100.0 32,690 1.4 88.7 
-188" 38,930 3.0 100.0 36,720 0.9 99.6 
f 0.260" 36,710 0.7 99.5 35,460 96.2 
5358-0 0.125" 15,740 0.4 97.4 
0.168" 16,170 0.6 100.0 
0.250" 15,800 <== 97.8 
53S-T 0.125" 41,400 0.4 100.0 
0.168" 41,200 0.8 100.0 
0.250" 38,250 ? 96.9 39,100 99.0 
€1S-0 0.125" 19,000 -— 100.0 
0.168" 19,350 0. 100.0 
0.250" 18,400 97.0 
» 61S-T 0.125" 47,450 1.2 99.0 
a 0.168" 48,660 2.1 100.0 
0.250" 47,670 1.7 99.5 45,400 --. 94.6 
758-0 0.125" 34,480 0.8 100.0 34,840 0.8 100.0 
0.168" 33,200 1.7 94.6 32,510 0.9 92.5 
0.250" 31,030 7.2 88.3 34,620 --- 98.5 
sae 75S-T 0.125" 75,450 1.4 92.8 73,790 3.3 93.1 
: 0.188" 77,100 1.1 97.2 74,910 1.2 94.4 
0.2650" 75,650 1.3 95.5 72,740 «<< 91.6 
ret) 
rs Note: --- Not enoush welds on which to calculate Cv 
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the weld line. Thus the material along the weld inter- 
lace deforms until it is more or less completely extruded 
before the material further from the weld interface de- 
forms. This action would give the type of upset char- 
acteristic of the hardened alloys in which the fibering is 
parallel to the weld line. 

75S.—Hardness surveys taken across welds made in 
the 75S alloy are presented in Fig. 6. In general it may 
be said that 75S-T exhibited more softening in the weld 
zone than was encountered in 52S-'/2H, while the welds 
in 75S-O had weld hardening similar to that of 52S-O. 
The high degree of softening exhibited by the welds in 
S-T would readily explain why these welds possessed 
such low-tensile impact joint efficiencies. Recent ex- 
periments indicate that the material in the weld line is 
in the solution-treated condition. The weld properties 
might be increased, therefore, by subjecting the welded 
material to aging treatment which would increase the 
weld zone’s hardness and strength without affecting the 
parent sheet. Such a heat treatment is much more 
leasible than solution treating and aging, which might 
cause considerable distortion in the finished product. 

14S, 24S, 53S, 61S.—Hardness traverses across welds 
made in 14S, 24S, 53S and 61S are presented in Fig. 7. 

A comparison of the hardness traverses made in the 
ainealed and hardened tempers of 14S seems to indicate 
that this material is not as susceptible to work hardening 
as the other aluminum alloys previously studied. The 
‘oftening associated with the welding cycle could not 
be compensated for by work hardening the weld zone 
during the upset cycle. Aging the weld in the T temper 


of this alloy, at the recommended aging temperature, in- 
creased the weld-zone hardness from 123 VPN to 142 
VPN. This treatment should greatly increase both the 
tensile and tensile impact strength of welds made in this 
alloy. 

Hardness surveys in 24S indicate that this alloy is 
very work hardenable. In the hardness survey taken 
across the weld in the T temper material it can be seen 
that the weld zone is harder than the parent sheet. 
Since 24S will age harden at room temperature it is prob- 
able that. a combination of work hardening and re- 
aging after solution during the welding cycle has taken 
place. At a distance of 0.12 in. either side of the weld 
line there is an area which is softer than the parent sheet. 
The material in this region was apparently at a tempera- 
ture sufficiently high for overaging to take place with- 
out re-solution and at the same time did not receive 
sufficient cold work to compensate for this softening. 
It is expected that this soft zone would lower the joint 
efficiency somewhat. 

When comparing the hardness traverses in the an- 
nealed and hardened tempers of 53S and 615, it can be 
seen that these alloys are work hardenable. The hard- 
ness in the weld zone of the hardened alloys is not ap- 
preciably different than the hardness of the parent 
sheet, indicating that the work hardening during the 
upset cycle was just enough to overcome the softening 
produced during the welding cycle. Since both 61S and 
53S are aged at about 300° F. it is possible that the 
hardness and strength of the weld zone might further 
be increased by aging treatment at that temperature. 
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The hardness measurements indicate that the pro- 
duction of high-strength welds in the hardened tempers 
requires the control of two important phenomena in 
addition to the elimination of oxide from the weld. The 
effects of overaging must be kept to a minimum while 
at the same time the maximum effect of work hardening 
must be obtained. The final weld strength is dependent 
on the combined but opposite effects of these phe- 
nomena which are in turn a complicated function of the 
variables associated with the flash-welding process. 
The process of selecting truly optimum welding condi- 
tions by evaluation of weld strengths would involve 
an almost infinite number of tensile tests. It is the be- 
lief of these investigators that the problem of selecting 
optimum welding conditions could be more simply at- 
tacked by a study of the temperature gradients associ- 
ated with the flash-welding process and the effect of the 
variables of the process thereon. 

An investigation of this type is currently being con- 
ducted at the Welding Laboratories of the Rensselaer 
Polytechnic Institute. Although results of that in- 
vestigation thus far are not complete enough to be in- 
cluded in this report, it is hoped that a mathematical 
relationship between the variables of the flash-welding 
process and the temperature gradients and cycles can be 
obtained. Itis believed that a fundamental study of this 
type will permit the establishment of minimum and 
maximum limits of flashing time, distance and power 
level as well as the optimum selection of these variables. 
The study of the effect of upset current duration and mag- 
nitude should show which combination of these variables 
would minimize the effect of overaging and allow the 
maximum effect of work hardening to be obtained. 


Discussion 


A flashing travel of about 0.5 in. and a flashing time 
of about 1.5 sec. seemed to be satisfactory for all of the 
alloys and gages covered in this investigation. A longer 
flashing time may be used but it will be accompanied by 
a reduction in the tensile joint efficiency due to over- 
aging. Experiments indicate that low flashing veloci- 
ties increase the softening in the weld zone by increas- 
ing the extent of overaging. 

The open circuit secondary voltages, in general, were 
maintained at a value which would prevent premature 
butting during the flashing cycle. There is no advan- 
tage in using a higher flashing power level and the possi- 
bility does exist of causing coarse flashing to take place 
during the period just prior to upset. Coarse flashing 
should be avoided because it leads to the production of 
deep oxidized pits which may not be eliminated during 
the upset cycle. 

The upset travel appears to be the most critical vari- 
able in the flash welding of aluminum alloys, assuming 
that proper control of welding current is employed. 
The values of upset travel required for the various gages 
was about three times the thickness of the material 
being welded. Since a major part of the upsetting ac- 
tion is in the direction of minimum sheet dimensions, it 
is believed that the values of upset travel as listed in 
Table 1 should be sufficient for sheets wider than 2 in. 
but of the same gage. This would also apply to tubing 
having the same wall thickness. 

The tensile impact tests indicate the need for further 
study of the flash-welding process as applied to the 
aluminum alloys. Although the joint efficiencies ob- 
tained in tension would be satisfactory for most appli- 
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cations, the extremely low joint efficiencies in tensile 
impact, exhibited by many of the alloys, might tend to 
eliminate flash welding as a means of fabrication. Fur. 
ther evaluation of welding conditions should be accor. 
plished on the basis of both tensile impact and tensile 
tests as the tensile impact tests tend to exaggerate the 
weaknesses in weld structure which have very little 
effect on the tensile strength. ; 

It is believed that the temperature measurement 
program now under way will permit the establishment 
of optimum as well as maximum and minimum values 
of the variables associated with the flash-welding cycle. 
Such information should permit a more economical use 
of machine capacity and should lead toward obtaining 
higher strength welds with greater consistency. 


Conclusions 


As a result of this investigation the following conclu- 
sions may be drawn: 

1. Flash welding is a suitable means of fabricating 
145, 245, 52S, 53S, 61S and 75S alloys. 

2. Similar welding conditions may be used for flash 
welding the same gage and temper of the various alumi- 
num alloys. 

3. Although fairly satisfactory results were obtained 
in welding the annealed or O temper of the alloys listed 
above, hardening the welds by aging prior to testing 
caused a reduction in the tensile joint efficiency of more 
than 15%. 

4. Tensile impact tests provide a very critical 
evaluation of weld quality. 

5. Welds made in 24S-T, 53S-T and 52S-'/.H have 
higher joint efficiencies in tensile impact than 14S-T, 
615-T and 75S-T. The lower impact joint efficiencies 
obtained in the latter alloys are believed to be due to the 
softening of the weld zone caused by the heat of welding. 

6. The final weld hardness of flash welds in aluminum 
alloys is dependent on work hardening resulting from the 
upsetting action, as well as overaging produced by the 
welding current. 

7. Hardness surveys indicate that highest joimt 
efficiencies can be expected in 24S-T, 52S-'/:H and 
53S-T. This was confirmed by both tensile and tensile 
impact tests. 

8. There is a need for further fundamental investi 
gation of the flash welding of aluminum alloys in order 
to establish more definite limits of optimum welding 
conditions and permit production of welds with higher 
tensile and tensile impact joint efficiencies. 
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Abstract 


Additional experiments using the Lehigh restraint specimens are 
reported here. 

The test specimen is shown to be sensitive to variations in heats 
of high-tensile steel and to rate them in order of their acceptability 
to fabrication in shipyards. The reduction of crack sensitivity of 
hardenable steels by the use of hydrogen-controlled electrodes is 
demonstrated. 

A simplification of specimen preparation is suggested for applica- 
tion as an inspection test. 

The temperature at which root cracks form in the weld metal or 
in the heated zone of the base plate has been determined by a 
number of methods. No crack has been found to originate above 
200° C 

The influence of electrode and welding conditions on the contour 
ind penetration of the welds has been studied in relation to the 
resulting cracking sensitivity of the welded joint. 


Foreword 


HE work reported here was carried out under the 

supervision of the War Metallurgy Division of 

N.D.R.C., through the War Metallurgy Commit- 
tee of the N.A.C. and the N.R.C. The advisory com- 
mittee with G. S. Mikhalapov, Chairman, R. H. Aborn, 
C. E. Jackson, C. H. Jennings, A. B. Kinzel, C. Schenk, 
Col. H. H. Zornig and Com. J. C. Blake, provided invalu- 
able guidance and counsel. 

Martin Sheska contributed in many ways in the prep- 
aration of specimens and special apparatus. The Bethle- 
hem Technical High School permitted use of its machine 
tools. Electrodes were contributed by the Metal and 
Thermit Co. 


Introduction 


ln a previous paper,* the development of a test speci- 
men to determine the crack sensitivity of welds was 
described. The test was shown to be reproducible and 
seusitive to changes in electrode type, plate composition, 
heat input and plate temperature. 

Additional studies were carried out, using the specimen 
\o vestigate the following phases: 


Comparison of heats of high-tensile steel. 

Simplification of the test for inspecting heats. 

Effect of preheating low- and high-crack-sensitive 
steels. 

4. Comparison of E6010 and HTS electrodes. 

o. The temperature at which root cracks form in the 
weld metal or heated zone of butt welds. 

The influence of electrode and welding conditions 
on the contour and penetration of welds as re- 
lated to cracking tendency. 
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Some Additional Tests on the Lehigh 


Restraint Specimen 


By R. D. Stout,* S. S. Tor,* L. J. McGeady* and G. E. Doan* 
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Fig. 1—Details of the Fin Specimen 


Review of Testing Method 


In Fig. 1 is shown the design of the restraint specimen 
which provides a quantitative measure of the tendency 
of weld metal or base metal to crack when the weld is 
deposited under conditions of restraint. 

The cracking level is determined by preparing a series 
of plates in which the depth of the fins is varied over a 
suitable range. The minimum width of the specimen 
(measured from the fin root on one side of the plate to 
that on the other) which forms a crack is designated as 
the cracking level, and thus is expressed as so many 
“inches” of restraint.+ 


Comparison of Heats 


In the course of studying the characteristics of Mn-Ti 
high-tensile steels at some length by means of the re- 
straint test, a number of heats of this type steel were 
surveyed. The sample plates were taken from heats 
which were believed to encompass the maximum range of 
properties to be encountered in the specification limits. 


Tae Journat, 25 (9), Research Suppl., 522-s to 531-s (1946) 
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The group of steels was selected to include plates re- 
jected by shipyards for various reasons, as well as some 
heats considered acceptable. The cracking level was 
determined for each heat and is shown in Fig. 2. It will 
‘be noted that the three heats on the left of the figure were 
rejected for cracking in fabrication, the fourth failed the 
clip test, and the next seven plates were rejected for high 
hardness. The last five heats were chosen to be accept- 
able. 

Examination of Fig. 2 shows that a division between 
good and unacceptable heats appears to lie at a cracking 
level of 6 in. It appears feasible to set up the test as a 
pass-fail inspection method for plates intended for fabri- 
cation where cracking is a problem. Duplicate speci- 
mens at the critical level of restraint would suffice for 
this purpose. Crack-sensitive heats can be screened out, 
or they may be re-tested as preheated specimens to dis- 
cover how much preheating is necessary to enable them 
to be fabricated successfully. 
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Simplification of the Test for Inspection 


If the restraint specimen were found to be suitable for 
inspection of plates, the preparation of the test plates 
should be simplified. An effort was made to accomplish 
this. 

The number of specimens required for the test can be 
kept to two. These duplicates would be cut to a re- 
straint chosen as critical in the intended application. A 
further expedient is to eliminate the cutting of fins by 
which the degree of restraint is regulated, and substitute 
a plain specimen cut to the proper width. This proce- 
dure is justified by a group of tests to be described. 

A preliminary set of specimens were prepared from two 
plates of unlike cracking levels. A comparison of re- 
sults on finned tests and plain tests is given below. 


= 


HTS Steels, */:.-In., E6010, 180 Amp., 6 In./Min., Room Temp. 


Thickness, Cracking Levelon Width of Plain Specimen 
Steel In. Fin Specimen, In. Just Cracking, In. 
PC 1 5 
DN 1'/, 6'/s 


Here was some indication that a plain test piece of a 
given width would behave similarly to a piece finned to 
the same width. To establish this more definitely, a 
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number of plates were selected which were known to 
crack at 6 in. restraint and prepared as plain (unfinned) 
samples. The table below shows that a 6'/s-in. wide 
specimen is equivalent to an 8-in. specimen finned to 6 
in. restraint. 


— 


Thickness, Finned Cracking Unfinned Cracking 

Steel In. Level, In. Level, In 

EA 1 6 

PA 18/16 7 

OA /s 6 

42 1 6 

49 6 

PG 1 6 61/5 

PF 6 61/, 


In general, then, a plain specimen will be equivalent 
to a fin specimen of slightly less width, due probably to a 
stiffening action of the fins. It appears feasible to adopt 
an unfinned specimen cut to the proper width for inspec- 
tion purposes, provided that the width of the specimen 
need not be reduced to a dimension which would inter- 
fere with normal cooling rates characteristic of a butt 
weld in a weld plate of the same thickness. 


Effect of Plate Temperature 


The influence of plate temperature on cracking tend 
ency is well known and was demonstrated with the re- 
straint specimen on a 0.30 C steel as reported previously. 
In order to determine the response of HT steel, three 
heats of divergent sensitivity to cracking were tested 
over a range of plate temperatures. Table 1 indicates 
two facts: First, that a crack-sensitive heat such as AA 
is strongly affected by the temperature; and second, that 
preheating to relatively low temperatures improves such 
a heat to a remarkable degree. The idea is suggested 
that the proper preheat may be determined for successful 
welding of a steel found to be unacceptable at lower 
operating temperatures. 


Effect of Electrode Type 


The lime type of coating has been applied successfully 
to mild steel ferritic core wire in the reduction of base 
metal cracking of alloy steels encountered when welded 
with cellulose-bearing electrodes such as E6010. 

As indicated in Table 2, this improvement can be 
demonstrated in restraint tests made on HT steels. 
Heats AA and PC exhibited base metal cracks when 
welded with E6010 electrode, and it is in these steels that 
the cracking level is raised appreciably. With Murex 
80, some base metal cracks were found; but with HT>, 
cracking occurred in the weld metal, and at a substan- 
tially higher restraint. Other investigators have pt 
sented evidence that the increase in crack resistance 1s 
due to a reduction in the amount of hydrogen supplied 
to and absorbed by the base metal during welding. 


_ Table 1—Effect of Plate Temperature on Crack Sensitivity 


1-In. HT Plate, */i-In. E6010, 180 Amp., 6 In./Min. 
———Cracking Level for Steels 
EA AA 


Temperature, ° F. MA 
10 6 In. 5'/,In 2 In 
75 7 6 
125 6'/s 
200 8 
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Table 2—Cracking Sensitivity for Several Electrodes 
|-In. HT Plate, 180=200 Amp., */,s-In. Electrode, 6 In./Min. 


Steel E6010 Murex 80 HTS 
AA 3'/2In. 6 In. 7'/,In. 
PC 5 7'/s 
EA 6 61/s 8 


Tee-Bevel Joints 


In an Advisory Committee meeting the suggestion 
was made that several heats shown to be either high or 
low in crack sensitivity be welded in the form of a tee 
bevel joint to see if toe cracks would develop in those 
plates which had performed poorly in the restraint test. 

The tee joint consisted of a 4- x 12-in. strip double 
beveled so as to make a 45° included angle when laid on 
a 8- x 12-in plate. The joint was positioned in a jig to 
permit down-hand automatic welding. No external 
restraint was imposed. ‘Two passes were placed on each 
side with complete cooling between passes. The joints 
welded at 0° F. were then stored 24 hr. at —20° F. 
Both E6010 and HTS electrodes were used on the poor 
heats. The results are given in Table 3. Heats AA and 
PC formed base metal cracks in the tee joints just as they 
had in the restraint test with E6010. Even HTS elec- 
trode did not prevent cracking in AA plate at0° F. The 
good heats did not crack under any of the conditions 
imposed. Thus the behavior of the steels when welded 
in a tee joint was consistent with the results previously 
obtained in the restraint test 


Temperature of Root Crack Formation* 


The origin of cracking in the restraint specimen has 
been shown to occur in the notch located at the bottom of 
the weld bead. It is of interest to know at what tempera- 
ture this crack begins to form for several reasons. First, 
such information will indicate whether cracking is due to 
hot tearing or to lack of plasticity under restraint at 
lower temperatures. Second, the phenomenon of base 
metal cracking can be compared to that of weld metal 
upturing. Finally, the possibility can be examined of 
taking steps to obviate the cracking tendency by preven- 
™ tive means such as peening or prompt laying of a second 


bead. 


Material and Apparatus 


The specimens used in this investigation were of such 


X 

. & restraint and steel composition that they were sure to 

| @@ ‘ack in the weld metal, or the heat-affected zone, as 
desired. 

iS F *From a Master’s thesis submitted by L. J. McGeady. 
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Table 3—Results of 45° Tee Joint Tests 
\-In. HT Steel, */\s-In. Electrode, 180-200 Amp., 8 In./Min. 


Restraint Specimen 


Cracking Level — E6010 -—~HTS—— 
AA 3!/eIn. Crack Crack Crack No 
PC 5 Crack Crack Trace? No 
EA 6* No No 
LA 7* No No 


= 
* Weld metal cracks. All others in table werein: bas®tiietal. 


Welding was done automatically with a 400-amp. 
Westinghouse generator and a General Electric auto- 
matic feed head adapted to using 14-in. length coated 
electrode. Arc movement was accomplished with the 
head mounted on a lathe carriage and thus driven at 
controlled speeds. 

All welding was done with a E6010 electrode, */;. in. 
in diameter. Welding conditions are indicated as part 
of the data. 

A gas burner, especially designed to operate with com- 
pressed air, was used to halt weld cooling quickly and to 
post-heat the welds to 400° C. before transfer to a fur- 
nace at 700° C. 
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Secrion A-A 
SHOWING LOCATION OF STEEL PLUG FOR THERMOCOUPLE 


Fig. 3—Specimen for Determination of Cracking Temperature 


A continuous temperature record of the weld cooling 
and reheating cycle was obtained at two points along the 
length of the weld by having two thermocouples placed 
in drilled holes at the bottom of the U-groove prior to 
welding. These couples (chromel-alumel) were fused 
into the weld, becoming a part of it as the are passed over 
them. The temperature record was obtained by con- 
necting the thermocouples to a Weston d.-c. amplifier 
and thence to an Esterline-Angus Recorder. 

For a part of the work, a record of the amount of con- 
traction undergone by the weld was required. This was 
obtained by drilling two '/,-in. holes (Fig. 3) into the 
plate beside the weld. Into these holes were put '/;-in. 
rods, so that to the rods Berry gages, appropriately 
mounted, could be attached prior to welding. The gage 
mounted on the welded side of the plate was a scissor 
type which did not interfere with welding and indicated 
the amount of weld contraction from the start of welding. 
Another gage attached on the bottom side of the plate 
also recorded weld contraction from the start of welding. 


Procedure 


In the Lehigh restraint specimen (Fig. 1), soon after 
weld metal is deposited in the groove, it is stressed by 


virtue of the shrinkage it undergoes on cooling, since the 
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shrinkage must take place against the resistance of the 
beams and columns. With falling temperature the weld 
experiences increasing stress, and the weld is forced to 


_ deform plastically to adjust its dimensions to that of 


restraining members. Of course, if the weld stresses be- 
come too great, the weld cracks. On the other hand, 
the weld may be plastic enough to flow under the stress 
set up in it on cooling and thus not crack. By providing 
a sufficiently high enough restraint, cracking can be pro- 
duced at willin this specimen. The restraint is measured 
by the width of beam, uncut on each side, and by the 
width of column, uncut on each side. To emphasize an 
important point, the weld stresses are a result of natural 
contraction of the weld metal as it cools, opposed by the 
rigid members of the weld joint. The level of stress 
generated will be dependent on the severity of the re- 
straint and the flow stress of the metal in the weld area. 
As has been shown, either the fused metal or the heated 
base plate may be ruptured by these stresses. 

Bearing the above in mind, it is a simple matter to 
devise a scheme whereby a minimum temperature of non- 
cracking of a weld can be determined. (This would cor- 
respond to a maximum temperature of cracking.) The 
first step is to determine for a given steel and given weld- 
ing conditions what restraint level will cause cracking if 
the weld is allowed to cool freely to room temperature. 
The next step is to take a specimen of this severity of 
restraint and insert thermocouples in the slit machined 
in the U-groove as diagrammed (Fig. 3). When a weld 
is deposited in the U-groove, the thermocouples are fused 
into the weld. They are used to furnish the continuous 
temperature record in the cooling cycle of the weld. The 
weld temperature can then be allowed to drop to a pre- 
determined value at which temperature the heating flame 
is applied to the weld. The weld temperature falls little 
more and rises rapidly. With the rise in temperature, 
accompanying weld expansion and stress relief occur. 
The heating operation is carried out in air, using the 
burner, until the temperature of the weld and that of the 
surrounding plate are both about 400° C. The welded 
specimen can then be transferred safely to an awaiting 
furnace at 700° C. for complete stress relief. The flame 
heating to 400° C. is a precautionary operation, which 
avoids the danger that the weld will fall to a much lower 
temperature than the one under study if the specimen is 
simply quickly transferred to the hot furnace at the time 
the weld temperature reaches the desired value. The 
welding heat is too quickly dissipated throughout the 
entire specimen when the flame heating operation is not 
performed. After the stress relief at 700° C., it is a 
simple matter to cross section the weld and examine it 
microscopically for cracks. Hence, if a specimen is 
found to be cracked when its cooling has been interrupted 
at 150° C., we may safely say that it has cracked at 150° 
C. or a higher temperature. In the same manner, if no 


Table 4—Maximum Temperatures of Cracking 


Temp. by 
Plate Temp. by Cooling 

Thick- Welding Gage Interruption 

ness, Speed, Method, Technique, 
Steel In. In./Min. 
0.25% C Si-killed 1/s 10 140 185 
1/3 6 160 200 
3/4 10 180 200 
3/4 6 160 200 
0.24% C 1.60 Mn 1 10 90 100 
1 6 < 50 65 


3/,¢-in. E6010, 27 Vo 175 amp. 
In the 0.25% C steel all cracks were in the weld metal. 
In the C-Mn steel the cracks were base metal cracks. 
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Table 5—Approximate Temperatures of Cracking Derived 


from Relaxation of Dial Gages and Cooling Rate Data 


Part A: 0.30% C Si-Killed Steel, */\s.-In. E6010, 28 y. 


» 175 Amp. 
Plate 


——Temperature of Cracking, 


Thickness, Restraint, At 10 At7.5 aan 
In. In. In./Min. In./Min. In./Min 
140 100 100 
bed 100 110 100 
3/, 4 120 100 
3/, 5 110 140 120 
1 8 100 ie 110 
1'/; 4 es 100 
1'/, 5 120 110 
All cracks formed in the weld metal. 
Part B: '/:-In. S.A.E. 4130, */16-In. E6020, 30 V., 175 Amp 
————Temperature of Cracking 
Restraint, In. At 10 In./Min. At 6 In./Min. 
| & No crack 
3 No crack 
4 90° C. No crack 
4'/; R.T. R.T. 
6 insole 120° C 


At 10 in./min. all cracks were in the base metal, while at 6 in. 
min., they were in the weld metal. 


Part C: 0.30% C Si-Killed Plate, */;.-In. Chromansil, 27 \., 180 
Amp. 

Plate Temperature of Cracking °C 
Thickness, In. Restraint, In. At 10 In /Min. At 6In./Min 

4!/, 150 100 

1/s 5 100 

31/, 100 100 

1 6 125 


All cracks were in the weld metal. 


cracks are shown in a specimen whose cooling has been 
stopped at 200° C., it can be said that cracking takes 
place at some temperature below 200° C. 

It should be noted that the efforts of this investigation 
were to fix a maximum temperature of crack formation 
There is no particular lower limit in temperature. 
Cracking may occur after several hours at room tempera- 
ture. 

A second point to be emphasized is that the tempera- 
tures of cracking reported in this section are rounded 
figures which may tend to be slightly high in value. At 
least two samples were used to determine each value. 
While additional tests might permit closer determimation 
of the temperature ceiling for cracking, such determina- 
tion would be of questionable value. It is just as 
significant to say that cracking was never observed 
above 200° C. as it is to be able to say it never was 
observed above, say, 188° C. 

Another method of determining the temperature and 
time of cracking is one in which the Berry gages are 
attached to the specimen, thermocouples located in the 
weld metal and the weld temperature noted at which 
contraction halts and a drop-back of the gage reai.ig 
occurs. A drop of the gage needle is a positive indica- 
tion that a crack is being propagated. It cannot be 
guaranteed that the gages will register the first minute 
discontinuities in the formation of a crack. The pri 
cipal method of use of these gages has been to observe 
the temperature of initial indication of cracking (by relax- 
ation across the joint) and then to make mucroscop' 
examinations of specimens whose cooling has been inter- 
rupted in the neighborhood of that temperature 11 ofr" 
to establish the cracking temperature range more closelv. 

To summarize, the determination of the cracking te") 
perature has been done in two steps: - 

1. Observation of the temperature at which relaxation 
was indicated by the Berry gages. 
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Fig. 4—Specimen Used in Weld Profile Studies 


2. Microscopic examination of welds whose cooling 
has been stopped at temperatures (a) slightly above and 
(b) slightly below the temperature of Step 1. 

Since the gages gave a good indication of when crack- 
ing occurred, it became evident that there existed a host 
of data from other welds on the same type of specimen, 
accumulated in a previous N.D.R.C. project, which 
could be used to confirm the results of the findings in this 
investigation. No postheat from external sources was 
applied to these welds. The welds were made as tests 
of electrodes and steels, employing the restraint speci- 
men. The Berry gages were attached to all the speci- 
mens and a contraction-time record obtained. With 
knowledge of the cooling characteristics of these weld 
conditions furnished by the present work, it is a simple 
matter to establish in these previous tests the tempera- 
ture existing at the time the dials indicated cracking, 
knowing the welding conditions and plate thickness and 
initial plate temperature used. 


The Data 


In Table 4 the maximum temperatures of crack for- 
mation are listed for several welding conditions on a 
0.25% C steel in which weld metal cracking was observed, 
and also are listed for a 0.24% C 1.60% Mn steel which 
was susceptible to base metal cracking. These data 
were obtained by the two-step method described under 
Procedure. 

_ In Table 5 are listed the temperatures at which crack- 
ing was detected by relaxation of the dial gages on a 
large number of test specimens representing various 
steel and electrode combinations as indicated. The 
temperatures were calculated from the accurate record 
of the time interval and the 

cooling rate data now made 20 


Fig. 5—Cross Section of, Groove 


ing. More generally, it appears that neither cooling rate 
nor restraint has any detectable relation to weld cracking 
temperature. This conclusion is borne out by the exten- 
sive data of Table 5. Here are represented restraints 
varying from 2 to 8 in., several steel and electrode com- 
binations, as well as three heat inputs. As a further 
check, specimens of extreme restraint (1'/2 in. thickness, 
full 8 in. restraint, 3-in. length groove in 0:25% C steel) 
were welded. The cracking temperature of these welds 
was in the vicinity of 160° C. It is interesting to note 
that these specimens allowed a weld contraction of only 
0.003 in. as restrained, whereas, cooled freely against no 
restraint, they would contract 0.018 in. 

It may be that the cause of weld metal cracking at the 
temperatures found is the ‘‘blue brittleness’’ of steel at 
the time when maximum stress is applied to the weld. 

The lower temperature of base metal failure and mar- 
tensitic weld metal failure seems to be related to the tem- 
perature of formation of martensite in the hardened zone. 
The cracking occurs at temperatures below the region of 
martensite formation. 


Thus, if the weld metal is plastic enough not to crack 
before falling to a temperature where an appreciable 
amount of martensite has formed in the base metal, the 
martensitic base metal cracks in those steels susceptible 
to base metal cracking in the presence of restraint. 


Table 5 also contains data on the cracking temperature 
of welds in which the weld metal became martensitic 
when cooled. They exhibit low cracking temperatures 
in the same range as martensitic base metal failures. 
The martensitic weld metal structure is obtained through 
the use of alloyed electrodes. The Vickers hardness of 
this weld metal was 380. 


Having determined the cracking temperatures of both 


available. 


o£ 6010 


Discussion of Results 


The data of Table 4 indicate 


N 


that no weld metal cracks were 
lound to have formed as high as 
200° C. (393° F.). No base 
metal cracks were found above 


& 


100° C. (212° F.) in the case of 
the 30,000 joules per inch heat 
input, or above 65° C. (150° F.) 


in the case of 50,000 joules per 
inch heat input, From the 
limited data, it cannot be said 
that the temperature of crack- 


Area Salns. 


ing in base metal has any de- re) 10 20 


pendency on the heat input. 
This can also be seen to be true 
in the case of weld metal crack- 
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Fig. 6—Weld Area vs. Heat Input 
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by a reduction of the speed, so 
; ps as to give the same heat input 
Rt per inch, give an identical weld 


profile? Would the depth oj 


penetration be the same? How 
would the dilution in the bead 
be affected? How would these 


changes affect the tendency of 
the weld to crack? 
It is a familiar fact that vari. 


ous electrode types deposit 
beads which differ from one an- 
other in their characteristics. 
such as depth, width, contour, 


@ E6020 


Heareo Zone AREA iN 
8 


degree of penetration, ete. 
These differences are, of course. 
introduced into the electrode 


10 20 30 40 so 60 


Heat Ineur 


weld and base metal cracks, a limited amount of investi- 
gation was performed on multipass welds with an eye to 
preventing cracking (in restraint where a single pass 
alone would crack if left to cool uninterrupted to room 
temperature) of the first pass weld metal by depositing 
upon it reinforcing, succeeding passes before its tempera- 
ture had reached the zone of danger. The method of 
deposition of beads here was found to be an important 
factor in this work. Thus, in a */,-in. thick plate with a 
full 8-in. restraint, a single pass of 30,000 joules per inch 
weld metal cracked on cooling to room temperature. 
However, if before that bead cooled to below 200° C., 
two weld beads at 30,000 joules were laid down on top of 
it in such a fashion that they not only reheated the first 
bead, but also reinforced the deposit mechanically, crack- 
ing was prevented in the whole weld section. The con- 
dition, that reinforcement must take place, is easily ex- 
plained since the additional beads are then deposited in 
such fashion that they increase the total cross-sectional 
area of metal resisting restraint, thus reducing the unit 
stress at the notch and in the first pass of weld metal. 


A Study of Weld Contours* 


IN JOULES PER Iwen [THOUSANOS] 


Fig. 7—Heated Zone Area vs. Heat Input 


types deliberately. By the use 
of the Lehigh crack sensitivity 
specimen, it was shown the 
E6010 electrodes produced welds 
with a lower cracking tendency 
than E6020 electrodes. The 
present tests were designed to provide an insight into 
the operating factors producing the marked differences 
in cracking tendency. A note of caution to the reader 
should be inserted at this point. The contour of a bead 
that is deposited in a groove responds in a different man- 
ner to the variables of welding from one deposited on a 
flat surface. For instance, in a groove a greater degree 
of confinement of the pool exists, than on a flat surface 
where the pool can spread out more freely. Thus the 
observations set forth here, although pertinent for U 
or V-grooves, may be altered for other weld geometries. 


Method of Investigation 


To study this problem, the following testing procedure 
was adopted: 

Welds were made with various currents at various 
speeds with two types of electrodes in a U-groove. Cur 
rent, voltage, speed of travel, length of electrode con 
sumed, time of welding and contraction measurements 
were made in a manner similar to the crack sensitivity 
measurements. After the specimens had cooled, a sec- 


70 80 90 


“4 


Purpose 
This work was undertaken 


with the idea that an under- 
standing of the effects of}such 
variables in electric arc weld- 


o 


ing as current, arc travel speed 
and type of electrodes oh the 
weld contour, dilution, depth 
of penetration and contraction, 


nN 


would be of interest in connec- 
tion with the crack sensitivity 
characteristics. 


It is known that increasing 
the heat input in a weld by 
stepping up the current or 
slowing down the speed of 


g 


6020 
o£6010 


travel will give a larger bead. 
It is intended, by this series 
of tests, to answer specifically 


Tora, Wetoment Area So 


such questions as: Would an 
increase in current, balanced 


* From a doctoral thesis submitted by 
S. S. Tér. 
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WELDING RESEARCH SUPPLEMENT 


30 40 50 60 70 


NOVEMBER 


Tora. Weto Area 


20 
5 
oe 
e 
° 
go © E6010 
° 
ti 
M 
(). 
0). 
SI 
3 
me 
| 
t 
e q 
° _| § 
90 


Discussion of the Results 


The results of the investigation will 
‘° be discussed from the standpoint of 


weld contour, dilution, depth of pene- 
tration and contraction as affected by 
current travel speed and electrode 
t 


R 


ype. 

It will be found that the results 
have been reported in many instances 
in terms of a comparison between 


E6010 and E6020. On the basis of 
these comparisons one may receive 
the impression that E6010 possesses 


*E6020 


superior properties to those of E6020. 
It is true that E6010 has been shown 
to have a lower sensitivity to cracking 
under certain welding conditions. 


Tota. Weto Area So.!In. 


Nevertheless, other advantages of 
E6020 are well known; e.g., stable 


welding characteristics, and a smooth 


.02 .OF .08 -/4 16 18 


Wiotn x Heicur So. In. 
Fig. 9—Weld Area vs. Width K Height of Weld 


tion was polished and etched, and then macrophoto- 
graphed at five diameters. From these macrographs, 
measurements of melted and heat-affected zones were 
made. Height, width and depth of penetration of the 
bead were also recorded. 


Materials and Conditions Used 


The steel used for the specimens was a */,-in. plate 
which has the following chemical analysis: C 0.28; Mn 
0.47; Si 0.16; P 0.018; S 0.017; Cr —; Ni 0.13; Cu 
0.19. The dimensions of the specimen were 4 x 12 x */, 
in. Figures 4 and 5 show details of the specimen and the 
cross section of the groove, respectively. 

Two types of electrodes were used for these tests: 
£6010 and E6020, in */s-, */1- and '/,-in. sizes. The 
'/,-in. rod was welded with 100 and 160 amp.; the */;¢-in. 
size with 160, 200 and 250 amp; and the '/, in. with 200, 
250 and 300 amp. The are voltages ranged from 28 to 
32 v. For each current four speeds were used: 11.5, 
9.25, 7.5 and 6 in. per minute. 

Welds were made with direct current using straight 
polarity for E6020 type and reverse 
polarity for the E6010 type. 


bead surface amenable to subsequent 
passes. These experiments suggest 
that the characteristics of E6020 can 
be improved by higher welding cur- 
rents and faster travel speeds. Under 
these welding conditions the shape and the size of the 
bead produced under E6020 become very similar to that 
of E6010. This fact is generally well appreciated. 


Weld Contour 


For the two electrode types studied, increasing the 
current while holding the speed constant merely increases 
the size of the deposit, without influencing the weld pro 
file to any extent. This is especially well illustrated in 
the case of the E6020 electrode, as shown in Plates 1 and 2. 
On examining Plate 1, it can be seen that the ratio of thick- 
ness of the bead to the width is almost constant as the 
current is increased from 160 to 250 amp. Plate 2 shows 
the same similarity of ratio between the current levels. 
When, however, corresponding beads from Plates 1 and 2 
are compared, one notices the striking change caused by 
slowing the speed from 11.2 in. per minute to 6 in. per 
minute; namely, that of flattening out of the bead with 
an accompanying reduction in penetration. In the case 
of the E6010 this fact is not so apparent with the */,.-in. 
electrode (shown in Plates 3 and 4) as it is when '/,-in. 


Measurement 


A polar planimeter was used for 


the measurement of the total area %° 
and heated zone. Linear measure- 
ments of the height, width and depth 


of penetration were made with an inch 
scale graduated to hundredths of an 
inch, 


The amount of electrode deposited 


> 
e 
! 


> 


eo 


was calculated from the burn-off rate, 
using the formula given below: 


RXLXS_, 


° @€&6020 


o 


T 
where 
R = cross-sectional area of rod, in 


ConTrraction in Incnes 


| 


square inches 
L = length of rod melted, in inches 
‘S = speed of welding, in seconds 


per inch 
time of welding, in seconds 
A = area of deposit (volume per 
inch of weld) 


Il 


Fig. 10—Contraction vs. Weld Area 
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electrode is used. Increasing the travel speed while 
keeping the current constant tends to change the profile 
of the deposit while simultaneously increasing the size. 
At fast speeds, E6010 and E6020 deposit similar beads. 
However, as the speed is successively lowered, the de- 
posits from E6020 tend to spread out in width and assume 
a crescent-like shape. The walls of the groove that are 
exposed to the are tend to melt and thus contribute to 
the crescent shape that is characteristic of this type of 
electrode at lower welding speeds. 

When the bead areas are plotted against heat input, a 
separate curve is obtained for each electrode type, see 
Fig. 3. However, if the heated zone area is plotted 
against the heat input, a straight line is obtained for 
both types of electrodes, in all sizes, for all speeds and all 
the currents welded. This is in keeping with the results 
of a previous investigation in which heated zone hard- 
nesses were studied—that regardless of the type of elec- 
trode used, the cooling rates in the plate are constant if a 
given heat input is used in welding them. An interesting 
fact to be noted in Fig. 4 is that the straight line does not 
pass through the origin, as might be expected. The 
intercept may be interpreted to mean that to have a 
heated zone, the plate must be brought up to above the 
upper critical temperatures; that is, there must be a 
definite amount of heat input before any appreciable 
heated zone can be detected. Figure 5, in which weld 
area plus the heated zone area (total weldment area) is 
plotted against heat input, exhibits the same character- 
istics. A rough idea of the area of the weld may be 
obtained by taking three-fourths of the product of the 
width and height of the bead, Fig. 6. This may be useful 
where an idea of the area is desired without going to the 
trouble of measuring it with a planimeter. 


Depth of Penetration 


The depth of penetration obtained from the two types 
of electrodes differs under identical welding conditions. 


Beads deposited by E6010 show deeper penetration thay 
those deposited by E6020. The burn-off rate of both 
electrodes is similar (Tables 1 and 2), but E6010 melts 
a greater amount of the parent metal. 

Observations of the behavior of the are and of the 
melted pool of metal and slag under it show that in weld. 
ing with E6020 rods at slower speeds (5 in. per minute) 
and high currents, slag tends to run ahead of the melted 
metal. When this happens, the slag ahead of the pool 
may act as an insulator and prevent the preheating action 
of the advancing arc so that penetration is reduced. At 
faster welding speeds the slag does not have an oppor- 
tunity to run ahead of the welding rod and penetration js 
relatively deeper. 


Dilution 


In general, E6010 electrode deposited a bead which 
had slightly higher dilution than the E6020. Travel 
speed, within the ranges employed, does not seem to have 
a definable effect on dilution. Although speeds on either 
side of this range may possibly show different results, the 
four welding speeds chosen for this investigation cover 
the practicable travel speed range. Electrode size and 
current have a greater effect on dilution than speed. 
For both types, increasing the current resulted in a cor- 
responding increase in dilution in all electrode sizes 
tested. When the electrode size was increased, E6020 
showed a definite drop in the general dilution levels, 
whereas E6010 showed a slight rise for the same con- 
ditions of welding. 


Contractions and Cracking Sensitivity 


When contraction is plotted against weld area, the 
points give one curve for both electrodes (Fig. 7). As 
the area increases, contraction increases rapidly at first, 
but levels off at higher areas. : 

It must be borne in mind, however, that these contrac- 
tion measurements are not absolute, but hold true only 


Table 6—E6020 Type Electrode 


Weld Dilution 
Code Current, Speed, Area, % 
No. Amp. In./Min. Sq. In. Base Metal 
Al2 100 11.5 0.0150 35.8 
Al3 100 9.25 0.0184 33.6 
Al4 100 7.5 0.0232 32.3 
Al5 100 6.0 0.0260 27 .3 
A22 160 11.5 0.0374 60.1 
A23 160 9.25 0.0462 56.2 
A24 160 7.5 0.0486 54.6 | 
A25 160 6.0 0.0570 40.0 
B22 160 11.5 0.0300 37.8 
B23 160 9.25 0.0390 44.0 
B24 160 7.5 0.0460 38.5 
B25 160 6.0 0.0492 24.6 
B32 200 11.5 0.0446 47.0 
B33 200 9.25 0.0564 46.0 
B34 200 7.5 0.0522 34.0 
B35 200 6.0 0.0688 30.5 
B42 250 11.5 0.0630 56.0 
B43 250 9.25 0.0780 50.0 
B44 250 7.5 0.0850 46.8 
B45 250 6.0 0.0940 37.0 
C32 200 11.5 0.0332 18.0 
C33 200 9.25 0.0472 24.5 
C34 200 7.5 0.0586 26.0 
C35 200 6.0 0.0790 27.0 
C42 250 11.5 0.0538 34.0 
C43 250 9.25 0.0636 35.5 
C44 250 7.5 0.0798 37.0 
C45 250 6.0 0.1004 34.5 
C52 300 11.5 0.0592 36.0 
‘ 9.25 0.0808 43.2 
7.5 0.1044 44.1 
6. 0.1166 39.5 


Width Height Pene- Heated Contrac- 
of Weld, of Weld, tration, Zone Area, tion, 
In. In. In. Sq. In. In 
0.22 0.10 0.10 0.0162 0.005 
0.25 0.11 0.10 0.0224 0.007 
0.27 0.12 0.12 0.0230 0.007 
0.32 0.12 0.107 0.0244 0.008 
0.32 0.16 0.15 0.0374 0.012 
0.37 0.18 0.165 0.0500 0.013 
0.42 0.17 0.13 0.0566 
0.47 0.17 0.13 0.0862 0.014 
0.33 0.13 0.11 0.0320 0.0138 
0.42 0.14 0.09 0.0458 0.013 
0.44 0.15 0.10 0.0544 0.015 
0.47 0.15 0.08 0.0676 0.016 
0.365 0.18 0.12 0.0402 0.014 
0.47 0.16 0.10 0.0608 0.015 
0.47 0.16 0.08 0.0658 0.016 
0.50 0.17 0.08 0.1044 0.018 
0.45 0.21 0.16 0.0582 0.015 
0.52 0.20 0.13 0.0916 0.019 
0.54 0.19 0.10 0.1150 0.01% 
0.57 0.19 0.08 0.1828 0.019 
0.37 0.14 0.07 0.0332 0.012 
0.42 0.16 0.09 0.0432 0.014 
0.45 0.17 0.08 0.0530 0 O15 
0.49 0.18 0.05 0.0978 0.016 
0.46 0.16 0.09 0.0574 0.016 
0.48 0.16 0.07 0.0712 0.015 
0.52 0.17 0.07 0.1080 0.018 
0.55 0.21 0.09 0.1708 0.019 
0.417 0.16 0.09 0.0808 0 Olo 
0.54 0.19 0.09 0.1016 0.01: 
0.57 0.21 0.10 0.1792 0.019 
0.60 0.23 0.08 0.2500 0.015 


ere 


A = '/,-in. electrode; B = */js-in. electrode; C = '/,-in. electrode. 
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B-22 
Current, 160 Amp.; Area, 0.03 Sq. In.; 
Penetration, 0.11 In. 


B-32 


Penetration, 0.12 In. 


Plate 1—E6020. 11.2 In./Min. 


B-25 
Current, 160 Amp.; Area, 0.0492 Sa. In.; 
Penetration, 0.08 In. 


B-35 
Current, 200 Amp.; Area, 0.060 Sq. In.; 
Penetration, 0.08 In. 


Plate 2—E6020. 6 In./Min. 


Current, 200 Amp.; Area, 0.046 Sq. In.; 


B-42 
Current, 250 Amp.; Area, 0.0630 Sq. In.; 


Penetration, 0.16 In. 


B-45 


Current, 250 Amp.; ‘Ares, 0.0940 Sq. 


Penetration, 0.08 In. 


D-22 
Current, 160 Amp.; Area, 0.035 Sq. In.; 


D-32 
Current, 200 Amp.; Area, 0.0460 Sq. In.; 
Penetration, 0.14 In. 


Penetration, 0.18 In. 


Plate 3—E6010. 11.5 In. /Min. 


D-25 D-35 
~urrent, 160 Amp.; Area, 0.0676 Sq. In.; Current, 200 Amp.; Area, 0.0836 Sq. In.; 
Penetration, 0.14 In. Penetration, 0.14 In. 
Plate 4—E6010. 6 In./Min. 
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D-42 
Current, 250 Amp.; Area, 0.0646 Sq. 


Penetration, 0.18 In. 


D-45 


Current, 250 Amp.; Area, 0.1080 Sq 


Penetration, 0.20 In. 
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Weld Dilution, 

Code Current, Speed, Area, % 
No. Amp. In./Min Sq. In Base Metal 
D22 160 11.5 0.0350 43.4 
D23 160 9.25 0.0448 44.3 
D24 165 7.5 0.0604 47.7 
D24 165 6.0 0.0676 49.0 
D32 200 11.5 0.0460 48.2 
D33 200 9.25 0.0582 47.8 
D34 200 7.5 0.0696 47.1 
D35 200 6.0 0.0836 45.0 
D42 250 11.5 0.0646 54.6 
D43 250 9.25 0.0788 52.3 
D44 250 7.5 0.0948 §1.2 
D45 250 6.0 0.1080 47 .6 
E32 200 11.5 0.0572 46.0 
E33 200 9.25 0.0728 51.7 
E34 200 7.5 0.0866 49.3 
E35 200 6.0 0.0932 51.4 
E42 250 11.5 0.0848 61.5 
E43 260 9.25 0.0966 60.1 
E44 250 7.5 0.1132 53.5 
E45 250 6.0 0.1204 50.0 
E52 290 11.5 0.0906 61.0 
E53 290 9.25 0.1048 57.4 
E54 290 7.5 0.1118 50.5 
E55 295 6.0 0.1596 54.7 


Explanation of letters in code: 


Table 7—E6010 Type Electrode 


Width Height Pene- Heated Contrac- 

of Weld, of Weld, tration, Zone Area, tion, 
In. In. In. Sq. In. In 
0.35 0.16 0.14 0.0240 0.010 
0.38 0.18 0.13 0.0304 0.015 
0.41 0.21 0.15 0.0552 0.029 
0.45 0.20 0.14 0.0716 0.034 
0.39 0.19 0.18 0.0356 0.015 
0.40 0.23 0.17 0.0434 0.017 
0.42 0.25 0.11 0.0584 0.017 
0.45 0.25 0.14 0.0896 0. 019+ 
0.44 0.22 0.18 0.0516 0.015 
0.45 0.25 0.19 0.0645 0.019 
0.48 0.26 0.20 0.1075 0.0194 
0.52 0.28 0.20 0.1552 0). 02% 
0.37 0.23 0.16 0.0308 0.014 
0.39 0.27 0.15 0.0472 0.017 
0.46 0.27 0.14 0.0676 0.018 
0.47 0.28 0.13 0.0872 0.019 
0.35 0.35 0.25 0.0640 0.016 
0.46 0.33 0.20 0.0720 0.0184 
0.46 0.34 0.21 0.1148 0. 020+ 
0.48 0.35 0.17 0.1448 0.021 
0.39 0.32 0.23 0.0572 0.017 
0.42 0.35 0.22 0.0796 0.019 
0.50 0.31 0.17 0.0796 0.020 
0.59 0.34 0.16 0.1264 0023+ 


D = 4/j¢-in. electrode; E = '/,-in. electrode. 


for this size specimen, since any change in the specimen 
size may increase or decrease the restraint, thus influenc- 
ing the amount of contraction. 

In order to study the relation between weld contour 
and cracking tendency, a series of restraint specimens of 
the 0.30% C steel were welded under conditions which 
represented extremes in the range of weld contours ob- 
tainable with these electrodes. 

The welding conditions chosen were 160 and 250 amp. 
each at 6 and 11.5 in. per minute travel speed for both 
E6010 and E6020 in */,-in. size electrode. The cracking 
levels were determined for each condition and are pre- 
sented in Table 3. The weld profile for each case can be 
examined in Plates 1, 2, 3 and 4. 

There are some interesting points to be noticed about 
these results. Considering E6020 alone for a moment, 
the faster travel speed deposits a narrow, compact bead 
which resists cracking better than the wide, shallow bead 
of 6 in. per minute at both current levels. Secondly, the 
higher current and higher speed (B-42) improves con- 
siderably the cracking level over that of the lower cur- 
rent and lower speed (B-25) even though the weld area is 
comparable. In comparison with E6010, the E6020 
welds exhibit exactly the same cracking level at 11.5 in. 
per minute where the weld profiles are similar, but defin- 
itely lower cracking levels with the flat weld profiles of 6 
in. per minute. At the 160 amp. level, E6010 was better 
at 6 in. per minute than at 10 in. per minute, probably 
simply because a heavier and stronger bead was de- 
posited. 

These limited tests show fairly convincingly that the 
shape of the weld bead can influence its resistance to 
cracking markedly. The effect of weld dilution by higher 
carbon or alloy plates may act in a different way on 
cracking sensitivity, so that high currents and speeds 
would result in increased cracking sensitivity. This is 
borne out by tests reported previously in which high car- 
bon and alloy electrodes, and also alloy steel plates, were 
shown to produce welds with lower cracking resistance. 


Summary of Results 


1. At fast travel speeds E6020 and E6010 deposit 
beads of similar shape and size. At slower speeds E6010 
gives a round, flat-surfaced bead that has good penetra- 


WELDING RESEARCH SUPPLEMENT 


tion, while E6020 gives a thin, concave bead with low 
penetration, Plates 1, 2, 3 and 4. 

2. There is a tendency for the penetration to increase 
with both electrodes when the current or the speed is 
increased within the experimental ranges used in this 
investigation. E6020 is affected to a greater degree by 
varying speed than E6010. 

3. The weld dilution increases as the current is in- 
creased. This is especially evident at faster speeds. 
E6010 gives fairly uniform dilution in a single electrode 
size at all speeds, Table 7. E6020 is sensitive to a greater 
degree to speed, Table 6. Increasing the electrode size 
seems to have the effect of decreasing the general dilution 
level in E6020. The reverse is noted in E6010. 

4. A quick method of obtaining fairly accurate weld 
areas is accomplished by taking three-fourths of the prod- 
uct of weld width and height, Fig. 9. 

5. The contour of the weld is shown to affect the 
cracking tendency strongly. A high, narrow bead cat 
resist cracking better than a thin, wide bead. Thus, 
higher speeds and currents are desirable for this effect. 
However, such conditions also favor dilution, which may 
be undesirable in higher carbon or alloy plates. 

6. The result of these tests suggests that the bead 
characteristics of the E6020 electrodes may be improved 
by using high currents at high speeds. Under these con 
ditions the shape, size and penetration of the beads ob 
tained with E6020 become very similar to those obtained 
by E6010 electrodes. Compare B-42 from Plate | with 
D-42 from plate 3. 


Table 8—Cracking Tendency Tests 


Cracking Level 
Current, Speed, in Inches 

Code Amp. In./Min. Electrode Uncut Width 
B22 160 11.5 E6020 4 

B25 160 6 E6020 31/ 
B42 250 11.5 E6020 51/s 
B45 250 6 E6020 5 

D22 160 11.5 E6010 4 

D25 160 6 E6010 ) 

D42 250 11.5 E6010 5!/> 
D45 250 6 E6010 5'/s 
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Abstract 


The causes of impairment of the notch resistance and ductility of 
structural steel by the welding operations have been investigated. 

Under external loading, cracking is shown to originate in the 
intergranular structure of the coarse grains in the weld-heated zone. 
These cracks appear long before the steel specimen reaches its 
maximum load in bending. 

The resistance to propagation of the crack in the weld zone is 
strongly and adversely affected by the notch sensitivity of that 
steel structure which is heated within the critical range of the steel. 
This has been demonstrated on welded specimens and in heat- 
treated Charpy bars. Metallurgical reasons for this effect are 
presented. 

If pretreatment of the steel is performed by quenching and draw- 
ing or spheroidizing, the sensitivity of the steel to intercritical 
temperatures is greatly lessened. 

Since postheating is so beneficial to welded steel plates, it is sug- 
gested that localized gas torch postheating may be an easy and 
practical way of restoring the properties of the welded plate. 


Introduction 
The Problem 


T HAS long been recognized that the welding opera- 
tion introduces an impairment of ductility and notch 
resistance in structural steels. In a previous reportt 

the effects of welding conditions, plate composition and 
other factors were shown in some detail. The testing 
method developed during that study was adopted for 
the present investigation. In Fig. 1 are shown the di- 
mensions of the test specimen, which is a longitudinal 
uotch-bend specimen suitable for revealing the notch 
sensitivity and ductility of steel plates as welded and 
treated in various ways. 

To illustrate some of the effects of welding on steel 

properties, Fig. 2 is presented. A 0.25% C Si-killed 
plate, */4in. thick, was welded at several travel speeds and 
plate temperatures and in some cases postheated before 
‘esting. Examination of the curves in that figure shows 
that the plate suffers considerable loss in ductility and 


* Metallurgy Dept., Lehigh University, Bethlehem, Pa. 
Tae JourNAL, 26 (6), Research Suppl., 335-s to 357-s (1947). 
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Fig. 1—Longitudinal Bend Specimen 


Metallurgical Factors in the Embrittle- 
ment of Welded Plate 


By R. D. Stout* and L. J. McGeady* 


notch resistance when welded, particularly when the 
plate temperature is low and/or the heat input is 
relatively small. Postheating is found to be effective in 
restoring these properties considerably. 

The question arose as to the exact causes of this re- 
duction in properties induced by the welding operation. 
What portion or portions of the weld zone were especially 
affected and thus responsible for the damage? Where 
did failure originate? Also, how could the damage be 
minimized or remedied? Some answers to _ these 
questions are presented in this report. 


Origin of Fracture 


In exploring the causes of weld zone embrittlement, 
one is inclined to suspect that the area which is most sus- 
ceptible to cracking can be assigned the major re- 
sponsibility for failure of the specimen. Whether this 
supposition is true or not, it is of interest to know where 
the initial crack forms and how it is propagated through 
the section during external loading. Past work has 
tended to place most of the blame for poor welded prop- 
erties on the coarse grains in the heated zone just under 
the fusion line of the weld. It will be seen that while 
this blame is deserved, it should not be unqualified. 

In considering what techniques should be used in de- 
tecting cracking, some attention was given to electrical 
methods. These attempts were soon abandoned in 
favor of partial bending of the specimen followed by 
macro- and microexamination. 
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Welded 10 In./Min. Bent 1'/,°. 2% Nital Etch. X 150 Welded 10 In./Min. Bent 2°. 2% Nital Etch. x 150 


Fig. 4—Initiation of Cracks in the Coarse Grains of the Heated 
Zone, */,-In. 0.25°% C Steel; */,,-In. E6010, 175 Amp. 


A series of specimens was placed in the bending jig 
and bent to various degrees up to failure (angle at maxi- 
mum load). Nitric acid was then dropped on the notch 
and allowed to remain overnight. Later the specimens 
were replaced on the jig and broken apart. The cross 
sections were photographed and appear in Fig. 3. Two 
heat inputs on 0.25% C plate and on Mn-Ti high-tensile 
plate were studied. Information on these steels is given 
in Table 1. 

Considering first the welds deposited at 10in. perminute 
several interesting features are evident. First, the initial 
cracked area takes form in the coarse grains of the heated 
zone, as would be predicted. But second, the first crack 
can be detected at 3° bend angle, far below the 7° angle 
at which sudden failure occurs. Failure was sudden 
since room temperature tests were in the cleavage fail- 
ure temperature range. Notice, also, that at 6° bend 
angle the crack has progressed to a heated zone structure 
well below the coarse grains. Thus the sharp cleavage 


Table 1—Information on the Steels Used 


Steel Rolling Method Cc Mn Si P Ss Cr Ni Cu Ti V 
rs oC Si-killed 12-in. wide universal 0.24 0.66 0.19 0.020 0.022 0.04 0.07 0.06 <0.004 “0 
4C Mn-Ti 6- x 10-ft. sheared plate 0.14 1.29 0.29 0.023 0.020 0.05 0.06 0.10 0.014 0.002 
All plates were received in the as-rolled condition. 
The 0.25% C steel was tested in either '/2- or #/,-in. rolled thicknesses as indicated specifically. 
The Mn-Ti steel was planed from the 1-in. rolled thickness to #/,in. Welds were deposited on the unplaned side. 
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failure is apparently propagated by an area situated 
lower in the weld zone. At 6 in. per minute travel speed, 
the crack did not develop so rapidly, but its course of 
growth followed a similar pattern. A very similar be- 
havior was also observed on the plates of Mn-Ti steel. 
In order to determine more closely the origin of crack- 
ing, additional specimens were bent to small angles 
and sectioned for microexamination. The section was 
ground and polished parallel to the plate surface at a 
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level just below the root of the notch. Figure 4 shows 
the cracks which were revealed in the coarse grains of the 
heated zone. It is possible that the cracks originate a 
short distance below the surface of the notch root, since 
at least one specimen free of cracks on the first polish 
showed a crack when reground 10 or 15 thousandths of 
an inch deeper. 

Microexamination yielded two points of interest. One 
was that initial cracks were found at a 1 '/2° bend angle in 
the welds deposited at 10 in. per minute, and at 3° in the 
welds deposited at 6 in. per minute—thus at still smaller 
bend angles than were detected by macroexamination. 
The second point was that the cracks apparently origi 
nate and travel some distance in the grain boundaries 
rather than across the grain proper. This was true for 
both heat inputs. It appears that the weaker ferrite and 
pearlite in the grain boundaries are forced to deform and 
yield under the loading in preference to the stronger mar 
tensite islands. Such a mixed structure is known to be 
notch sensitive, and its behavior has been explained on 
the basis just presented. Further consideration of this 
point will be given later. 


Tests on Welded Longitudinal Bend Specimens 


In the preceding section it was shown that cracking 
occurs at bend angles much smaller than those observed 
at maximum load, the criterion for failure of the specimen. 
Especially at temperatures in the cleavage failure range, 
it was evident that sudden failure accompanied by 2” 
audible snap took place when the crack had progr ssed 


o deep into the heated zone almost to its lower limits. It 

so 100 150 200 therefore seemed desirable to learn more about the prop 
Testine Temperature in Deo Fane. erties of the structures in the heated zone whicli had 

Fig. 6 been heated to lower temperature ranges. There was 
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some suspicion that the metal heated to temperatures 
lying within the critical range of the steel was adversely 
affected. 

To pursue the problem further, two lines of investi- 
gation were followed. In one, a number of tests involv- 
ing welding were devised, while in the other, the test- 
ing of heat-treated Charpy bars was utilized as a means 


of reproducing weld heated zone structures in the form 
of homogeneous test specimens. By this latter tech. 
nique, the properties of the individual structures could be 
studied free of the complications present in the complex 
weld structure. These tests will be described in the 
succeeding section. 

If the crack forming in a welded specimen under tes 


Fig. 12 (A)—Charpy Bar Mineral Oil Quenched 1400° F. 0.25% C Steel. 2% Nital Etch. x 500. Fig. 
12 (B)—Intercritical Zone of Weld at 10In./Min. */,-In. 0.25% C Steel; 175 Amp. 2% Nital Etch. x 500. 
Fig. 12 (C)—Charpy Bar Mineral Oil Quenched 1400° F. 0.14% CMn-TiSteel. 2% NitalEtch. 500. 
Fig. 12 (D)—-Intercritical Zone of Weld at 10 In./Min., */,-In. 0.14% Mn-Ti Steel; 175 Amp. 2% Nital Etch. 
x 599. Fig. 12 (E)— Charpy Bar Mineral Oil Quench 1400° F. and Post-Heat 1200° F. 0.25% C Steel. 2 ( 
Nital Etch. x 500. Fig. 12 (F)—Intercritical Zone of Weld at 10In./Min. Post-Heat 1200° F. */,-In. 0.25"; 


C Steel. 175 Amp. 


2% Nital Etch. Xx 500 


Note—Compare A with B, C with D and E with F. 
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progresses slowly to some point in the heated zone struc- 
ture before rapid failure takes place, it should be in- 
teresting to devise a method of testing in which the be- 
havior of that zone becomes critical. One possibility 
which was tried was to bend specimens to an angle safely 
below that at which snapping of the specimen would 
occur. At this point the loading was interrupted. The 
i in. plates of 0.25% C steel were used for this purpose, 
welded at 10 and at 6in. per minute. The angle at which 
loading was interrupted was 5° for the lower heat input 
and 10° for the higher heat input. As shown in Fig. 3, 
these values of bend angle were chosen because they pro- 
duced a crack whose root had passed through and elimi- 
nated the coarse grains from consideration. Half of the 
specimens so prepared were allowed to rest for a week 
while the other half were heated 1 hr. at 1200° F. After 
seven days the specimens were loaded to failure. Inci- 
dentally, in all of the welded longitudinal bend tests, 
seven days has been standardized as the aging period be- 
tween welding and testing. 

In Fig. 5 the results of these tests are compared with 
those of a series conducted in the normal fashion. The 
angle of prebending has been added to the angle obtained 
upon reloading to give the total deformation. For 
welds at 10 in. per minute the interrupted test values 
check quite closely with the normal tests. However, 
the series in which the 1200° F. heating was interposed 
have improved markedly. Even though a severe crack 
is present, the postheating has restored a large amount 
of the ductility and notch resistance of the plate. 
Hence the properties of this lower area of the heated zone 
appear to play an important part in determining the be- 
havior of the weldment as a whole.. On the other hand, 
when the welding conditions are such that the notch 
resistance is not impaired so seriously, as at 6 in. per 
minute welding speed, the 1200° F. treatment has a much 
smaller effect on the behavior of the welded plate. 

Another means of observing the influence of this lower 
heated zone is to notch the welded specimens to a depth 
carefully chosen to cut through and eliminate the coarse 
grain area, but at the same time to preserve the area un- 
der study. To accomplish this effect, this time on */; 
in, thick plates of the same 0.25% C steel a notch depth 
of 0.095 in. was selected for comparison with a 0.075-in. 
deep notch. For further information a second set of 
specimens notched to 0.095 in. was heated to 1200° F. be- 
lore testing. In Fig. 6, it will be noted that the perform- 
ance of the deep-notched plates in which the notch was 
free of coarse grains was almost identical to that of the 
normal test specimens. Furthermore, the postheating 
treatment again provided a large improvement in 
properties. 

For reasons which will be made obvious in the following 
ection, another group of tests were prepared in which the 
plate microstructure was altered before welding. One 
et of '/>-in. plates of the 0.25% C steel was brine 
juenched from 1600°F. and drawn at 1200° F. for 1 hr. 
Asecond set was quenched at 1600° F. and drawn for 48 
irs. at 1275° F. to produce spheroidization. Weld beads 
were then deposited at 15 in. per minute travel speed for 
testing. The data from this experiment are given in Fig. 
. There is a striking improvment in the notch resist- 
ance of the heat-treated and welded plates. Reasons for 
‘uch improvement will be covered in a later discussion. 


Synthetic Structures in Heat-Treated Charpy Bars 


Ordinarily, the longitudinal notch bend test has the ad- 
Yalltage of exposing to the notch root all of the structures 
{concern in the welded zone. If, however, it is desired 
tolearn more specifically the characteristics of a particular 
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area in the weld, the manner in which the weld struc- 
tures are aggregated makes it almost impossible to de- 
vise a method of testing each area separately from 
the others. 

As a first approximation to welded structures, it is 
possible to subject small specimens, such as Charpy 
bars, to a number of heat treatments which simulate the 
thermal effects of welding and provide a specimen whose 
cross section is fairly uniform in microstructure. Lead 
bath heating will furnish the rapid heating associated 
with welding. The bath temperature can be varied to 
match the temperature range found in the weldment, and 
the gamut of cooling rates encountered in welding can 
be reproduced in a graded series of quenching media. 

It was found by hardness testing and microstructure 
that the cooling rate of a Charpy bar quenched in mineral 
oil corresponded roughly to that produced in the heated 
zone of a bead deposited on */,-in. plate at 175 amp., 
27 v. and 10 in. per minute. Also, air cooling of the 
Charpy approximated the weld cooling rate when the 
travel speed was reduced to 6 in. per minute. 

Charpy bars of the 0.25% C steel were heated to 1200, 
1300, 1400, 1600 (in lead baths) and 2100° F. (in a salt 
bath), were held at temperature 10 sec. and then were 
cooled in mineral oil or in air. Enough bars were oil 
quenched from 1400° F. to permit postheating to 400, 
800, 1200 and 1500° F. Testing temperature vs. energy 
absorption curves were obtained for each condition. 

In Fig. 8 the results of the mineral oil quenched series 
are compared. Two temperatures of treatment were 
found to be highly deleterious. As expected, the coarse- 
grained structure formed at 2100° F. had low Charpy 
values. On the other hand, the specimens heated to 
1400° F. gave perhaps the lowest results of all, much 
lower than expected. 

The results on air-cooled specimens shown in Fig. 9 
contain less marked differences among treating tempera- 
tures, but even here the 1400° F. temperature curve 
lies definitely lower than the others. 

As the data of Fig. 10 indicate, postheating the speci- 
mens treated from 1400° F. restores a large amount of 
their notch resistance and ductility. This fact, inciden- 
tally, is evidence that much of the benefit of postheating 
welds is due to metallurgical improvement rather than 
stress relief. 

Figure 11 serves to indicate that the impairment of 
properties caused by the treatment at 1400° F. can be 
obtained on other steels. Here the Mn-Ti steel was 
tested in a fashion similar to that just described with 
like results. 

In an attempt toward explaining action of the 1400° F. 
intercritical heating, microexamination of the Charpy 
bars was made and also of some welds for comparison. 
Micrographs of the various sections are presented in 
Fig. 12. In Fig. 12 (A) the microstructure of 0.25% C 
steel resulting from a mineral oil quench at 1400° F. is 
found to be islands of mixed martensite and fine pearlite 
in a ferrite matrix. At a matched location in a weld- 
heated zone, the structure is quite similar, as in Fig. 
12 (B). Figures 12 (C) and 12 (D) are similar compari- 
sons in the Mn-Ti steel. Postheating serves to temper 
and partially spheroidize the martensite and pearlite, 
as shown by Figs. 12 (£) and 12 (F). 

Further indication of how the weld-heated zone struc- 
tures were matched by heat treatment is given in Fig. 13. 
In 13 (A) and 13 (B) the structure of Charpy bars air 
cooled from 1400° F. is compared to the intercritical 
zone of the weld deposited at 6 in. per minute. In 13 (C) 
and 13 (D), the structure of Charpy bars, mineral oil 
quenched from 2100° F., are compared with the coarse 
grains of the heated zone in a weld deposited at 10 in. 
per minute. 
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From these experiments one finds that the 1400° F. 
heating transforms the pearlite islands to austenite of 
nearly eutectoid composition. Upon cooling, these 
high-carbon islands partially harden and become rela- 
tively hard and strong. Under loading, then, the steel 
is forced to deform largely in the ferrite regions with con- 
sequent loss of ductility and notch resistance. The 


softening effect of postheating alleviates this condition 


considerably. 


Fig. 13 (A)—-Charpy Bar Air-Cooled 1400° F. 0.25% C Steel. 3 
tercritical Zone of Weld at 6 In./Min.; 175 Amp.; */;-In. 0.25% C Steel. 2%NitalEtch. 500. Fig. 13) C) 
—Charpy Bar Mineral Oil Quench 2100° F. 0.25% C Steel. 2% Nital Etch. x 500. Fig. 13 (D)—Coarse 


Grain Zone of Weld at 10 In./Min.; 175 Amp.; */,-In. 0.25% C Steel. 
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If the foregoing postulate is correct, it can be testeq 
critically by heat treating the steel in advance so that no 
pearlite islands are available for the 1400° F. tempera. 
ture toact upon. Additional Charpy bars of the ().25% 
C steel were therefore hardened from 1600° F., and some 
were quenched and then spheroidized 48 hrs. at 1275° p. 
Figure 14 shows that these bars were insensitive to the 
1400° F. treatment. Note that according to Fig. 7 the 


welded specimens behaved in a like manner when heat 


2% Nital Etch. x 500. Fig. 13 (B)—In- 


2% Nital Etch. x 500 
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Fig, 14 


Fig. 15 (A)—Charpy Bar B.Q.1600°F. § 
1400° F. 0.25% C Steel. 2% Nital Et 


Weld at 15 In./Min.; 175 Amp.; '/;-In. 0.25% C Steel Previously B. Q. 1600° F. and Spher- 
oidized 48 Hr. 1275° F. 2% Nital Etch. 


ch. 


treated before welding. A comparison of structures of 
welds and Charpy bars spheroidized before treatment or 
welding is shown in Fig. 15. Note that no islands of 
martensite are visible as they were in Fig. 12 (A). 


Discussion of Results 


From the experiments described above, a picture of 
the behavior of the welded area under external loading 
may be constructed. Ata relatively small amount of de- 
formation the coarse grains of the heated zone form a 
crack, most often in the weaker intergranular material, 
whether it is pearlite or primary ferrite. The growing 
crack advances to the refined grain structure underneath, 
whose greater notch resistance retards its progress and 
deters it from sudden propagation. When the root of the 
crack reaches the structure which has been heated to 
temperatures within the critical temperature, the reduced 
notch resistance of that zone 
is unable to prevent sudden 
rupturing and failure of the 
specimen. Thus it is the 
transition temperature of 
this particular structure 
which controls in large part 
the behavior of the weld- 
ment as a whole. 

On this basis the influence 
of such factors as weld heat 
input and postheating be- 
comes clear. High heat in- 
puts are beneficial because 
they provide cooling rates 
which form less damaging 
structures int the metal 
located within the inter- 
critical heating range. 
Postheating is especially 
beneficial because of its 
metallurgical effects on this 
same structure. 

Likewise some of the 
questions which may arise 
with respect to the influence 
of prior structure on the 


heroidized 48 Hr.1275°F. Mineral Oil Quenched properties of the welded 


xX 500. Fig. 15 (B)—Intercritical Zone of steel can be provided reas- 


Errect oF Torcn Post Heatine 


or Bene 


ON wetoeo % iw O.25%C Si-knseo | 

$ HEATEO 

~ aT 4 | 


Fig. 16 


2 
< 5 / 
| 
“100 -50 Q 50 100 1sO 200 
Testins Temperature in Dec Fane. 


EMBRITTLEMENT OF WELDED PLATE 


x 800 onable explanations. On 

j many occasions the effect 

of previous normalizing on 

welded plates has been inconsistent from one steel to the 

next. Apparently the normalizing may improve perfor- 

mance, not affect it, or actually lower it, according to 

whether the normalizing produces a structure which is 

more or less sensitive to the intercritical heating than 
was the as-rolled plate structure. 

In general, a heat treatment which distributes the car- 
bides in the steel in such a way that intercritical heating 
will not be acting on well-defined high- and low-carbon 
areas will improve the welded characteristics of the steel 
Hardening or spheroidizing was shown to be effective in 
this respect. Proper normalizing, as a more practical 
method, may be found to be useful. 


Methods of Minimizing Weldment Embrittlement 


Attempts to minimize the impairment of the steel by 
the welding operation can take one or more of three di- 
rections. Prior treatment has been shown to be quite 
beneficial. The use of somewhat higher heat inputs will 
lessen the reduction of notch resistance. When it is fea- 
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sible, postheating is perhaps the most effective means of 
restoring ductility and notch toughness. 

The physical limitations that exist in the furnace post- 
heating of welded structures are obvious. If it is true 
that postheating is most valuable for its metallurgical 
effects, the possibility of using localized heating to post- 
heat only that area which requires the treatment should be 
considered. It then becomes unnecessary to postheat 
a whole structure just for the sake of a limited zone in the 
weld vicinity. The thought occurred that a gas torch 
passed slowly along the weld seam might furnish a 
practical means of localized postheating. A few ex- 
periments were conducted in this direction, using the 
longitudinal bend test. In Fig. 16 are shown the results 
obtained by passing a No. 12 cutting head set at 3 lb. of 
acetylene and 40 Ib. of oxygen pressure, along the bead 
at 10 and at 4 in. per minute after the weld had cooled to 
room temperature. The slower speed provided a large 
improvement over as-welded properties. Such a tech- 
nique may be quite feasible on single-pass welds or per- 
haps on top passes of multiple-pass joints. Further in- 
vestigation is required to learn what procedures are best 
and also what precautions are required to avoid warping 
and undesirable stress redistribution. 


Summary 


The results of this investigation may be summarized 
as follows: 

1. Some possible causes of the impairment of steel 
properties by welding have been investigated by means 
of the longitudinal notch-bend test. 

2. Cracking has been shown to originate in the coarse 
grains of the weld-heated zone at relatively small defor- 
mations. The cracks are intergranular, tending to run 
along the ferrite or pearlite areas located there. 

3. Themodeof the crack propagation has thrown sus- 
picion on the properties of heated zone structures lo- 
cated beyond the coarse grains. Experiments showed 
that these lower areas have a strong influence on the be- 
havior of the weld. 

4. Both tests on welded specimens and tests on 
Charpy bars heat treated so as to reproduce one at a 


time the structures occurring in weld-heated zones jp. 
dicate strongly that structural steel heated to tem. 
perature within the critical range and cooled moderately 
fast develops highly notch-sensitive characteristics. Thy: 
the portion of the weld-heated zone heated to this rang. 
appears responsible for much of the damage done py 
welding. 

5. When a steel containing pearlite islands in ferrit, 
is heated not much above the lower critical range, th 
pearlite forms high-carbon austenite which can either 
partially harden or transform to fine pearlite when coole; 
moderately fast. Such a structure is highly notch sep. 
sitive, perhaps because deformation is forced into the 
weaker ferrite matrix. 

6. The beneficial effect of postheating on notch 
toughness is given significance by its effect on the inter. 
critical structure. The benefits are due more to metal. 
lurgical changes than to stress relief, it would seem. 


7. If the steel is treated beforehand to eliminate the 
pearlite islands, by hardening or spheroidizing treatments, 
its welded properties are greatly improved, as are the 
Charpy bars treated from 1400° F., within the inter. 
critical range. Thus the suspicions of structures pro. 
duced at this temperature range are strengthened and 
another way of minimizing its effects is demonstrated. 

8. Since postheating is so useful in restoring welded 
steel properties, it is proposed that local torch heating 
of the weld zone may be a practical way of obtaining the 
benefits of postheating cheaply and easily on structures 
which cannot be furnace heated. 
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NUMBER of technical papers have been pub- 
lished regarding heavily covered metallic arc- 
welding electrodes; but, for the most part, these 

have been of a general nature and contained a limited 
amount of specific information regarding electrode cov- 
ering formulation. A list of some of published articles on 
electrodes is given at the end of this paper. 

The present paper is a contribution to the data that 
may be used in the formulation of electrode coverings, 
and it is hoped that the future will see the release of other 
data now in the possession of the research organizations 
of many of the manufacturers. The paper deals princi- 
pally with the effect of the basicity of the covering for- 
mula on the metal are transfer of some of the common al- 
loying elements that may be present in the covering, and 
the recovery of the elements in the core wire. A small 
amount of work was done to determine the effect of the 
particle size of the ferro alloys on their recovery. It will 
be apparent that the work is in the nature of a prelimi- 
nary investigation which indicates the necessity of a more 
detailed study of certain phases of the problem. 

A groove weld was deposited with each experimental 
lot of electrodes and longitudinal tensile specimens were 
machined from these and tested to determine the effect of 


Table 1—Chemical Analyses of Core Wires 


Heat No. — 

A, % B, % C, % 
Carbon 0.09 0.09 
Manganese 1.76 1.58 
Phosphorus 0.016 0.023 
Sulphur Not 0.016 0.017 
Silicon avail- 0.38 0.40 
Chromium able 26.80 26. 50 
Nickel 21.84 22.15 
Molybdenum 0.03 0.03 
Titanium 0.001 0.001 


_* Industrial Test Laboratory, Philadelphia Naval Shipyard, Naval Base 
»tation, Philadelphia 12, Pa. 


Metal Arc Transfer as Influenced by 
Some Materials in the Covering of 
Welding Electrodes 


By C. T. Gayley* 


the different variables on the tensile properties of the 
deposited weld metal. Chemical analyses of the weld 
metals were obtained in order to determine the percentage 
transfer or recovery of the alloys. 

The experimental electrodes used in the investigation 
were fabricated from '/,-in. diameter, Type 310 (25 Cr- 
20 Ni) core wire. Chemical analyses of the heats of core 
wire used are given in Table 1. 

Chemical composition of the ferro-alloys and sodium 
silicate used for the manufacture of the electrode cov- 
erings is givén in Table 2. 


Table 2—Chemical Composition of Ferro-Alloys and Sodium 


Silicate 
Sod- 
ium 
Ferro- Ferro- Ferro- Ferro- Ferro- Silicate 
Sili- Molyb- Manga- Vanad- Uran- ‘“O” 
con denum nese ium ium Brand 
Carbon, % 0.08 0.38 1.38 0.50 0.72 a, 
Iron, % .50.4 39.9 19.9 44.4 56.4 
Manganese, % 0.05 78.7 2.65 1.15 
Molybdenum, 

59.7 
Vanadium, % 49.7 
Uranium, % 39.5 
Silicon, % 49.5 2.07 2.36 
Sodium oxide, 

8.97 
Mesh size 50 80-100 80 80 80 
Water, 2000° 


Source and sieve analyses of other covering materials 
used for the manufacture of the experimental electrodes 
are given in Table 3. 

The covering formulas used in the manufacture of the 
experimental electrodes were of two general types; 
namely, a lime type and a titania type, both of which had 


Material Source 
Marble flour Foote Mineral Co., Philadelphia, Pa. 
Fluorspar Foote Mineral Co., Philadelphia, Pa. 
Silica flour Foote Mineral Co., Philadelphia, Pa. 
rene Titanium Pigment Corp., New York, N. Y. 
aTaphite 


Joseph Dixon Crucible Co., Jersey City, N. J. 


Table 3—Source and Sieve Analyses of Covering Materials 


- Sieve Analyses — 
Held on Through 100, Through 200, Through 
100 Mesh, Held on Held on 325 Mesh, 
0 200, % 325, % % 

0.3 6.2 27.9 65.6 
5.8 29.2 27.0 38.0 
1.2 42.7 48.6 7.5 
Precipitated 


U. S. Navy Spec. 14.G.4b—Amorphous 
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Table 4—Mesh Size of Ferro-Alloys 


- Lime-Type Covering 


Ferro-Manganese ~ 


Ferro-Molybdenum - ~ 


~ 


-——Titania-Type Covering—____, 
Ferro-Manganese ———_____ 


Formula No. Mesh Size Formula No. Mesh Size Formula No. Mesh Size 

74 Through 20, retained on 100 78 Through 100, retained on 200 71 Through 100, retained on 209 
mesh mesh mesh 

75 Through 100, retained on 200 79 Through 200, retained on 325 72 Through 200, retained on 325 
mesh mesh mesh 

76 Through 200, retained on 325 80 Through 325 mesh 73 Through 325 mesh 
mesh 

77 Through 325 mesh 


been found satisfactory for the deposition of 25-20 
chrome-nickel austenitic steel weld metal in the flat posi- 
tion. These formulas differ from those of current com- 
mercial practice for electrodes of this type in that they 
do not contain aluminum silicate (clay) and magnesium 
silicate (asbestos). Since these two constitutents contain 
quantities of water of crystallization they were excluded 
so that any variable which might result from the effect of 
this water would not become a factor influencing the 
results of the investigation. . 

The study to determine the effect of the basicity of 
electrode coverings was conducted using the lime-type 
covering formula. In this formula, the marble flour, sil- 
ica flour and fluorspar were varied to obtain changes in 
basicity over a range of from slightly below to slightly 
above that generally found in commercial electrode cov- 
erings of this type. Basicity was determined by calcu- 
lating the base: acid mole ratio of the coverings in which 
the fluorspar, titania and ferro-alloys were assumed to 
be neutral. The base: acid mole ratios were determined in 
the following manner, which parallels the method for 
slag calculations presented by Joseph W. Richards in his 
book entitled Metallurgical Calculations, published by 
McGraw-Hill Book Co. :* 


% Marble flour , % Sodium silicate 


(1) Base sum = 100 + "62 + 3.22 (60) 
' _ % Silica , % Sodium silicate X 3.22 
Base sum 
(3) Base: Acid Mole Ratio = B/A = pro 


Using the above method of calculation, the base: acid 
mole ratios of the coverings included in this investigation 
varied over a range of approximately 0.4 to 1.7. That of 
a number of brands of commercial electrode coverings 
was found to vary over an approximate range of 0.5 to 
1.45. 

In order to study the effect of the basicity of the cov- 
ering upon the transfer of metals and ferro-alloys through 
the arc, ferro-manganese, manganese metal, ferro-molyb- 
denum, ferro-vanadium and ferro-uranium were added 
to the covering mix singly and in combination with ferro- 
silicon. The content of each alloy in the mix was held 
constant while the basicity of the mix was varied through- 
out the range in four steps. Other variations in the mix 
formulas were held to a minimum so that the coverings 
used in each series would be comparable. 

A second group of coverings similar to the above was 
also investigated to determine the effect of carbon as a 
reducing agent in combination with changes in basicity of 
the covering; and the effect of higher carbon on the 
physical properties of the deposited weld metal. In this 
group, 2'/2% of the marble flour contained in the above 
covering mixes was replaced by 2'/2% of graphite. 


* The factor of 3.22 appearing in the equations iu the acid:base ratio of the 
brand sodium silicate, 
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Since the effect of titania upon the basicity of electrode 
coverings was not known, a third group of electrodes hay- 
ing a titania type covering was manufactured. This 
group consisted of one lot for each of the above ferro- 
alloy and graphite series, modified by the addition of 20%, 
titania, with corresponding reductions in marble flour 
and fluorspar. 

The effect of particle size on the recovery of ferro-al- 
loys in the covering was investigated by using a lime 
type covering having a base: acid mole ratio of 1.29 and 
by varying the particle size of the ferro-manganese and 
the ferro-molybdenum contained therein. In addition, 
the effect of the particle size on the recovery of ferro- 
manganese in a titania type covering was also included 
in this group. The grading and control of the particle 
size of the ferro-alloys used were accomplished by means 
of a Ro-tap sieve shaking machine. The particle or mesh 
size of the ferro-alloys considered in this investigation is 
given in Table 4. 

A tabulation of the covermg mixtures used for the man- 
ufacture of electrodes for this investigation is presented 
in Table 5. The mixtures prepared for each lot consisted 
of 800 grams of material. For all mixtures, ‘“‘O’’ brand 
sodium silicate having an alkalinity ratio of 1:3.22 was 
used as the binding agent. . The electrode coverings were 
applied by the dipping process so as to eliminate any 
variable which might be introduced by the extrusion 
process because of probable variations in extruding pres- 
sure. 

The core wire was cut to the desired length and suc- 
cessively dipped in the agitated covering mixture after 
periods of air drying of one hour duration until the de- 
sired coating thickness of 0.050 + 0.002 in. had been ob- 
tained. The electrodes were then air dried at room 
temperature for 16 hr. after which they were baked in a 
mechanical convection type furnace at a temperature of 
700° F. The baking cycle consisted of bringing the elec- 
trodes to temperature in 2'/, hr., holding at temperature 
for 2 hr. and cooling in furnace for 16 hr. to room temper- 
ature. Moisture determinations made of a number ol 
electrode coverings indicated that as a result of this 
baking cycle the moisture content determined at 200 
F. varied from 0.14 to 0.38%, while that determined 
at 2200° F. varied from 0.43 to 0.61%. This water con- 
tent is considerably below that generally found in com- 
mercial austenitic electrode coverings when received from 
the manufacturer. 

Immediately upon removal from the baking furnace, 4 
0.505-in. all-weld-metal groove weld assembly was pre- 
pared with each lot of electrodes. The groove was formed 
between two medium steel plates 12'/, x 5 x #/, in. with 
one long side beveled 22'/,° set up over a */- x 1-1. 
backing strip, and using a !/2-in. root opening. One-hall 
of the groove was deposited with one lot of electrodes 
and the second half with another lot of electrodes, in sucli 
a manner that each full layer was deposited prior to be 
ginning the next succeeding layer. The weld was com 
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Table 5 
MIXES USED IN THE MANUFACTURE OF 


ELECTRODES. 


FORMULAS WITH FERRO-SILICON & MANGANESE 


FORMULAS WITH FERRO- MANGANESE 


Fl 
Ti 
Fe 


Si 


Meneane se Metal 


Ferro-Manr ane se 


Sodium Silicate 


uorspar 
tanie 


rro-Silicon 


lica Flour 


SERIES A SERIES B SERIES C SERIES D 
FORMULA NUMBER 63 | G7/| G8 | Go| cio| | | 13 | 14 18 | 26 | 27 | 26 | 29 | 3) | 32] 33 | | 35 
Marble Flour 30 35 35 35 25 27.5 32.5 32.5 | 32.5 22.5 25 35 35 | 35 25 22.5 32.5 32.5 32.5 22.5 
sraphite | | | | | | 5 2. 


FORMULAS WITH FERRO-MOLYBDENUM ORMULAS WITH FERRO-SILICON &FERRO-MOLYBDENUM 
SERIES E SERIES F SERIES G SERIES H 
FORMULA NUMBER 36 | 37 | 38 | 39 | 40 4! 42 | 4 | 44 | 4 | 6i 62 | 63 | 64 | 65 66 | 67 | 68 69 70 


Marble Flour 
Graphite 
Fluorspar 


Ferro-Silicon 


Silica Flour 


Sodium Silicate 


Itania 


Ferro-bolybdenun 


15 


2.5 -- 


x 


FORMULAS 


WITH 


FERRO - VANADIUM 


FORMULAS WITH FERRO-URANIUM 


SERIES 


SERIES J 


SERIES 


FORMULA NUMBER 


105 


106 


107 


108 


Titania 
Ferro-Vanadium 
Ferro-Urenium 


Sodium Silicate 


Karble Flour 
Graphite 


Fluorspar 


Silica Flour 


62 | 83 
35 35 
35 » 


84 | 85 86 | 87 88 | 89 | 101 
35 25 | 17.5 | 32.5 | 32.5] 32.5 | 22.9 20 
eo 2.5 2.5 205) 2.5 2.54 -- 
20 2 | x 35 30 20 20 30 


SERIES K 
102 | 103 | 104 
35 | 35 | 35 
35 | 30 | 2 


32.5 
2.5 


32. 
2. 


30 


5 
5 


FORMULAS WITH VARIATION 


IN PARTICLE SIZE 


Graphite 


Titania 


Pluorspar 


Ferro-Silicon 


Ferro-Manganese 


Ferro-Molybdenum 


Sodium Silicate 


SERIES M SERIES N SERIES O 
FORMULA NUMBER Ti T2 | 73 74 | 75 | 76 | 77 78 | 79 | 80 
Marble Flour 10 10 10 25 25 25 | 25 25 | 2s | 25 


NOTE: 


FORMULAS ARE IN 


WEIGHT-PERCENT ON AIR ORY BASIS. 


METAL ARC TRANSFER 
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Table 6 
CHEMICAL & PHYSICAL PROPERTIES OF WELD DEPOSITS 
FOR- *K AVA-| % TENSILE 
mua | mn} si | ABLE|RECOV-/STRENGTH| % | REMARKS 
NO. MN | ERY PS... 2" 
SERIES A-HEAT NO.A- FERRO-SILICON & MANGANESE 
G.3 [1.88 | 0.12] 1.69] 0.66 | 24.60119.53 84,000 No tears 
G.7 [1.69 | 0.13] 2.05] 0.65 | 24.68]19.94 ---- | ---- 85,000 45.5 No tears 
G.8 $1.28 | 0.11] 1.54] 0.69 | 23.99]19.30 86,000 43.0 No tears 
G.9 }|0.85 | 0.12] 1.60] 0.76 | 23.08119.29 Bi, ,000 38.5 No tears 
G.10 $0.49 | 0.12] 1.30] 1.04 | 23.40]19.80 ence | 84,500 44.0 No tears 
SERIES A-HEAT NO.C-FERRO-SILICON & MANGANESE 
G.3 -]1.88 | 0.12] 1.45] 0.21 | 23.14] 20.24 3.44 | 42.1 84,000 30.0 Few tears 
G.7 11.69 | 0.10] 1.63] 0.51 | 24.79}21.11 3.44 147-4 82,000 35.0 No tears 
G.8 |1.28 | 0.09] 1.55} 0.64 | 23. 68] 20.23 3.44 145-1 82,500 32.0 No tears 
G.9 [0.85 | 0.09] 1.32] 0.88 | 23.42] 20.43 3.44 | 38.4 80,000 34.5 Few tears 
G.19 $0.49 | 0.08] 1.19] 0.97 | 23.53] 20.89 3.44 | 34.6 79,500 23.5 Few tears 


SERIES B- HEAT NO. A- FERRO-SILICON, MANGANESE & 25 % CARBON 


ll 1.76 | 0.36 
12 1.59 | 0.34 
13 1.20 | 0.34 
14, 0.80 | 0.28 
15 0.45 | 0.20 


0.38 
0.65 
0.82 
0.98 
1.17 


24.04 
24.92 
24.15 
23.72 
23.33 


19.65 
20.17 
19.90 
19.71 
19.66 


112,500 
111,000 
109,000 
100,500 

93,000 


No tears 
No tears 
No tears 
No tears 
No tears 


SERIES C-HEAT NO.A-FERRO- MANGANESE 


26 1.30 | 0.12] 1.75] 0.34 | 23. 75]19.15 ---- | ---- 83,500 | 40.5 No tears 
27 11.70 | 0.13] 2.28] 0.25 | 23.92]19.59 ---- |---- 87,000 | 39.5 No tears 
28 |1.28 | 0.12] 2.07] 0.32 | 23.58]19.43 ---- | ---- 86,500 | 41.0 No tears 
29 [0.85 | 0.10] 1.74] 0.49 | 23.21]19.47 ---- | ---- 85,000 | 41.0 No tears 
30 10.49 | 0.09] 1.46] 0.70 | 22.98/19.50 ---- | ---- 87,500 | 38.5 No tears 
SERIES C-HEAT NO. B- FERRO- MANGANESE 
26 [1.30 | 0.13] 1.68] 0.35 | 23.82] 20.32 3.23 152.0 83,000 | 38.0 No tears 
27 1.70 | 0.12] 2.23] 0.23 | 24.20] 20.11 4.10 154.4 84,500 | 40.0 No tears 
28 11.28 | 0.12] 2.02] 0.29 | 23.52]19.95 4.10 49.2 24,000 | 37.0 No tears 
29. 10.85 | 0.13] 1.70] 0.45 | 22.25]19.17 4.10 [41.5 82,500 | 37.0 No tears 
30 |0.49 | 0.13] 1.36] 0.67 | 22.92] 19.88 4.10 | 33.2 88,500 | 35.0 No tears 


SERIES D-HEAT NO.B- FERRO-MANGANESE & 25 % CARBON 


31 1.20 421 1.69] 0.48 | 24.34120.82 3.23 154.2 112,500 37.0 No tears 
32 1.60 0.361 2.29] 0.29 | 25.15120.86 4.10 155.7 111,000 22.5 No tears 
33 1.20 0.401 2.32] 0.34 | 24.80120.79 4.10 150.5 107,500 15.5 No tears 
34 0.80 0.34] 1.91] 0.62 | 23.7612.13 4.10 [42.5 106,000 24.0 No tears 
35 0.45 Ge 1.59] 0.88 | 22.80119.41 4.10 135.6 105,900 24.0 No tears 
SK BASE ACID MOLE RATIO 
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pleted in seven full-weave layers using a current of 250 
amp. and 26 to 28 are volts. After deposition of each 
laver the assembly was allowed to cool for 10 min. on the 
table and was then immersed in boiling water for 5 min., 
after which the next layer was deposited. 
The standard 0.505-in. all-weld-metal tensile speci- 
mens obtained from the above assemblies were tested to 
determine tensile strength and elongation. 
drical surfaces of the fractured tensile specimens were ex- 
amined for tears as an indication of macro- and micro- 
fissures occurring in the weld metal. These observations 
were recorded as “‘none,’”’ “‘few’’ or “‘many’’ tears. The 
surfaces of fracture were examined for any unusual char- 
acteristics. These observations were recorded as ‘“‘stri- 
ated’ fracture or “intergranular cracks.”’ 
The recovery of ferro-alloys in the weld deposits was 
determined by chemical analyses of samples prepared 
from the gage length of the fractured tensile specimens. 


The cylin- 


The calculated base:acid mole ratio of the covering 
mixes used for the manufacture of the electrodes included 
in this investigation, together with the chemical compo- 
sition and tensile properties of the welds deposited there- 
with, are given in Table 6. Also included in this table 
are the availability and per cent recovery of the princi- 
pal alloying elements. 

Graphical presentation of the results of the effect of 
basicity of electrode covering on the recovery of the vari- 
ous alloying elements in the weld deposits is shown in 
Figs. 1, 2, 3 and 4. A summary of these results is pre- 
sented in Table 7. 

Examination of the data of Table 6 and the corre- 
sponding graphs, Figs. 1, 2, 3 and 4 clearly indicates 
certain trends. For example, considering only the lime- 
type coverings, samples 12 to 15 of Series B show a de- 
creasing amount of carbon and manganese, and an in- 
creasing amount of silicon. It will be noted, Table 5 


Table 6 (Continued) 


CHEMICAL & PHYSICAL PROPERTIES OF WELD DEPOSITS. 


FOR- AVAIL-| % | TENSILE [ELONG 
MULA C | NI [MO |ABLEIRECOWSTRENGTH| % | REMARKS 
NO. MO | ERY PS.1. IN 2" 


SERIES E-HEAT NO.B- FERRO- MOLYBDENUM 


1.18 
37 1.70 
1.28 
39 0.85 
40 0.49 


0.10 
0.11 
9.10 
0.11 
0.10 


0.98 
1.32 
1.21 
0.97 
0.93 


AWNO 


23291 20.55 


23.72 $20.03 
24.20 §20.55 
23.41 920.45 
23.00 $19.25 


1.14 
1.05 
1.C7 
1.12 
1.14 


1.77 | 64.5 £5,000 41.9 No teers 
1.77 159.4 83,000 39.9 No tears 
1.7 0.5 82,000 35.0 No tears 
1.77 | 63.1 89,509 32 0 No tears 
§ £5,000 #1 0 tears 


SERIES F-HEAT NO.B-FERRO-MOLYBDENUM 8& 2.5 % CARBON 


41 1.08 
42 1.69 
1.20 
0.F9 


0.45 


0.36 
0.40 
0.38 
0.31 
0.27 


1.22 
1.37 
1.22 
1.08 
0.97 


0.42 
9.29 
0.40 
0.58 
0.86 


24.09 [20.44 
24.249 [20.50 
23.72 [20.13 
23.64 | 20.21 
21.29 [18.20 


0.88 
1.10 
1.93 
1.02 


1.77 | 49.€ 111,509 24.0 No tears 
1.77 | 63.1 169,990 15.0 No tears 
1.77 | 62.2 199,500 18.0 No tears 
1.77 1 5€.2 195,190 32.0 No tears 
1.77 | 57.6 191,509 23.0 No tears 


SERIES G-HEAT NO. B- FERRO-SILICON & FERRO-MOLYBDENUM 
61 1090 | 0.09] 1.09] 0.92 22.79 }19.54) 1.32] 2.21 | 62.1 80,000 | 24.0 
62 1.50 | 0.12] 1.28 | 9.70 [23.83 [20.94] 1.37] 2.21 | 62.1 £3,500 43.0 No tears 
63 11.13 | 0.10] 1.21 | 0.75 [23.90 |19.76] 1.31 | 2-21 | 59.3 22°50 | 40.0 No tears 
6, 10.65 | 0.10] 0.99] 1.03 |22.62 |19.5e] 1.46] 2.22 | 65.2 24/000 | 42.5 So tears 
65 19.42 | 0.09] 9.99] 0.98 123.03 | 20.03] 1.16] 2.21 | 52.5 23,000 | 29.0 Pew tears 


SERIES H-HEAT NO.B-FERRO-SILICON,FERRO-MOLYBDENUM & 2.5 % CARBON 


0.42 


0.43 
0.37 
0.30 
0.27 


1,09 


1.29 
1.22 
1.09 
1.05 


2°.78 118.90 


24.38 119.93 
24.20 [20.21 
22.99 119.66 
22.89 119.28 


1.al 


1.18 
1.18 
1.17 
1.15 


2.2 |54.8 | 99,000 | 6.0] 


2.21 | 53.4 110,500 16.0 {Striated fracture 
2.21 153.4 197,500 16.5 |Striated fracture 
2.21 | 53.0 93,190 13.5 {Striated fracture 
2.21 | 52.1 92,000 12.5 {Striated fracture 
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| = 
VE 
q 
66 0.81 1.09 
| 69 0.60 1.22 


Series B, that the principal variation in the formulas is 
the increasing additions of powdered silica. This at 
once suggests that the basicity of the resulting slag may 


Table 7—Summary of Results, Effect of Basicity on Alloy 
Recovery (Lime-Type Covering) 


Manganese........ Recovery increases with increased basicity 
Recovery increases with increased basicity 
Chromium........ Recovery increases with increased basicity 
Vanadium......... Recovery increases with increased basicity 
Recovery constant throughout range of basicity 
RN concede Recovery constant throughout range of basicity 
Pr Recovery decreases with increased basicity 
Molybdenum...... Recovery influenced by other conditions 


be a factor in the transfer, retention, loss, or reduction of 
these and other elements. 

Perhaps the most scientific approach to confirm such 
points would be to analyze the weld slags, and calculate 
the mole ratio, or the oxygen equivalent ratio of the 
basic oxides to the acid oxides, and then determine the 
relationships between the base:acid mole ratio and the 
recovery of each element. It was considered, however, 
that a more practical approach would be to calculate an 
approximate base:acid mole ratio from the ce rating 
formula by the method described above and study trends 
with respect to this variable. 

The analysis of the results presented in Table 6 and 
Figs. 1, 2, 3 and 4 reveals that for the lime-type coverings, 
basicity is of considerable influence on the transfer of 
some metals through the welding are as indicated by 


Table 6 (Continued) 


CHEMICAL & PHYSICAL PROPERTIES OF WELD DEPOSITS 
AVAIL-} % |TENSILE |ELONG 
| | SI | CR] NI | % | REMARKS 
SERIES |- HEAT NO. B-FERRO- VANADIUM 
81 1.10 |0.10 {1.07 0.49 | 1.86 50.0 85,500 34.5 No tears 
82 1.70 |9.11 [1.29 0.32 | 23.63}19.64) 9.92 1.86 49.5 86,500 38.5 No, tears 
83 1.28 }O.11 0.47 | 24.48119.94} 0.87 1.86 46.8 @4,100 40.0 No tears 
84 0.85 }0.10 }1.00 0.56 22.77119.42]0.81 1.°6 43.5 @4,509 36.5 No tears 
85 0.49 | 9.10 }0.91 0.73 | 1.86 39.8 85,500 28.5 No tears 
SERIES J-HEAT NO.B- FERRO-VANADIUM & 25% CARBON 
86 1.00 |0.38 [1.10 0.52 | 23.66] 20.16] 1.00 1.86 53.8 100,600 19.0. No tears 
87 1.60 {0.46 ]1.27 0.35 | 24.44)19.95}1.07 1.86 57.5 110,000 21.5 No tears 
88 1.20 }0.40 |1.20 | 24.99} 20.51)0.% 50.5 104, 500 17.5 No tears 
8&9 0.80 10.30 |1.10 0.67 | 23.46119.90]0.81 1.86 43.5 100 ,500 22.0 No tears 
90 0.45 10.29 |0.96 0.86 | 1.26 3 87,509 12.0 No tears 
FOR- AVAIL-| % |TENSILE JEL 
muLA | | | MN/| SI | CR} NI | % | REMARKS 
NO. U | ERY | 2" 
SERIES K- HEAT NO.C -FERRO-URANIUM 
101 1.10 }0.11 }|0.91 0.47 | 24.21]21.14] 9.02 1.47 1.36 71,000 19.0 tears 
102 1.70 }0.11 }1.09 | 0.23 | 1.47 0.68 79,590 26.5 Few tears 
103 | 1.28 |0.11 |1.04 | 0.34 | 24.19]21.10}0.02 | 1.47] 1.36 80,500 | 35.0 No tears 
104 0.85 ]0.11 |0.86 0.47 | 23.64] 20.72] 0.01 1.47 0.68 77,500 25. Few tears 
105 | 0.49 | 0.10 |0.79 | 0.69 | 23.53] 20.74]0.01 | 1.47] 0.68 74,500 23.0 Many teers 
— — 
SERIES L- HEAT NO.C-FERRO-URANIUM & 25% CARBON 
106 1.00 | 0.45 |0.89 0.51 | 23.70} 20.73} 0.02 1.47 1.36 110,000 16.0 No tears 
107 1.60 | 0.38 }1.12 0.31 | 25.11] 21.37] 0.01 1.47 0.68 196,500 20.5 No tears 
108 1.20 | 0.37 |1.06 0.40 | 24.58] 21.11} 0.02 1.47 1.36 107,000 20.5 No tears 
109 0.80 [0.34 |0.86 0.60 | 23.53} 20.69] 0.01 1.47 0.68 108 ,000 32.0 No tears 
110 0.45 | 0.31 [0.86 0.69 | 23.60] 20.71] 0.02 1.47 1.36 102,500 24.0 No tears 
698-s WELDING RESEARCH SUPPLEMENT NOVEMBER 
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their recovery in the deposited metal. For each series of 
ime-type covered electrodes, the following observations 
are made concerning the metals under investigation : 

1. Series A—Ferro-Silicon and Manganese Metal.— 
Decreasing the basicity of the covering reduces the 
quantity of manganese and increases the quantity of sili- 
con recovered in the deposited weld metal. The tensile 
properties of the deposits show no significant variations 
and are considered normal for this type of alloy. 

2. Series B—Ferro-Silicon, Manganese Metal and 
Graphite—This series is similar to Series A except for the 
addition of 2'/2% graphite and shows the same trends 
with change in basicity in so far as alloy recovery is con- 
cerned. However, it is to be noted that the quantity of 
silicon recovered is greater with corresponding decrease 
in basicity and is accompanied by a decrease in the car- 
bon content of the deposit. The high tensile strengths 
determined for the deposits are considered to be the re- 
sult of the carbon contents being in excess of those nor- 
mally encountered in this type of alloy. There does ap- 
pear to be a decided improvement in elongation as the 


respect. 


4. Series D—Ferro-Manganese and Graphite-——The 


silicon content of the weld metal approaches 1% without 
a major reduction in carbon content. 

3. Series C—Ferro-Manganese.—Decreasing the basic- 
ity of the covering reduces the quantity of manganese 
recovered in the deposited weld metal. The variations 
in tensile properties are not considered significant in this 


addition of graphite increases the recovery of manganese. 


As in Series B, the high tensile strengths noted for this 


series are considered to be the result of the carbon con- 
tents of the deposits being in excess of those normally 
encountered in this type of alloy. 
noted appear to accompany lower silicon contents in the 


deposits. 


The low elongations 


5. Series E—Ferro-Molybdenum.—The recovery of 
molybdenum in the deposited weld metal tends to in- 
crease with decreasing basicity of the electrode covering. 
The tensile properties noted for the deposits fail to show 
any significant variations in this respect. 

6. Series F—Ferro-Molybdenum and Graphite-—The 


Table 6 (Continued) 


CHEMICAL & PHYSICAL PROPERTIES OF WELD DEPOSITS 


FOR- % [TENSILE 
MULA G | MN/ SI | CR] Ni} Tl |ABLE/RECOV~/STRE REMARKS 
NO. MN| ERY | PS. |IN 2" 


TITANIA FORMULAS 


SERIES M-HEAT NO.B- VARIATIONS IN FERRO-MANGANESE PARTICLE SIZE 


71 0.70 | 2.88 |1.05 |22.80 [19.30 0.023 
72 0.70 | 2.92 |1.14 [23.02 119.45 0.024 
73 0.70 |} 0.16 | 2.65 [1.08 [23.02 [19.53 0.019 


6.06 | 47.5 
6.06 | 48.6 
6.06 | 43.7 


72,500 


74,000 


77,500 


14.0 


17.5 


15.0 


Many tears - Inter 
granular cracks, 


Many tears - Inter} 
granuler cracks. 


Many tears - Inter 
granular cracks. 


LIME FORMULAS 


SERIES N- HEAT NO.B- VARIATIONS IN FERRO-MANGANESE 


PARTICLE SIZE 


1.29 |0.13 | 1.84 }0.63 [24.25 }20.03 P.001 
75 1.29 ]0.16 | 2.73 |0.77 [24.16 [19.65 P.001 
76 1.29 |0.14 | 2.96 |0.68 [24.25 [19.70 0.001 
77 1.29 | 3.21 |0.70 |23.89 [18.71 P.001 


6.06 | 30.4 
6.06 45.2 
6.06 | 48.8 
6.06 | 53.0 


85,000 
85,000 
85,500 
85,000 


No tears 
No tears 
No tears 
No tears 


ba | |MN|si | oR| Ni | MO 


SERIES O-HEAT N 


AVAIL 
ABLE RECOV. 


TENSILE 
STRENGTH] % | 


ELONG 


.B- VARIATIONS IN FERRO-MOLYB 


DENUM 


REMARKS 
PARTICLE SIZE 


78 1.29 }0.11 | 1.21 [0.68 [22.49 [18.37 2.59 
79 1.29 }0.11 | 1.21 [0.65 |[22.37/18.62 2.92 
80 1.29 |0.10 | 1.25 [0.70 |22.81 [19.14 


3.29 | 48.4 
3.29 | 58.4 
3.29 67.0 


86, 000 
86,500 


84,500 


41.0 
39.5 


40.5 


No tears 
No tears 


No tears 
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Fig. 1—Per Cent Manganese Recovery vs. Basicity of Electrode 
Covering 


addition of graphite appears to influence the recovery of 
molybdenum in a manner contrary to that observed in 
Series E. In the presence of graphite, decreasing the 
basicity of the electrode covering tends to reduce the 
quantity of molybdenum recovered in the deposit. 
Other than reflecting the higher carbon contents, the 
variations in the tensile properties of the deposits are 
not considered significant. 

7. Series G—Ferro-Silicon and Ferro-Molybdenum.— 
With the addition of ferro-silicon, changes in basicity of 
the electrode covering appear to have no effect upon the 
quantity of molybdenum recovered in the deposited 
metal. The variations in tensile properties noted for 
this series are not considered indicative except that the 
small general improvement in elongation appears to be 
the result of higher silicon in the deposits. 


WELDING RESEARCH SUPPLEMENT 


8. Series H—Ferro-Silicon, Ferro-Molybdenum ang 
Graphite——The addition of ferro-silicon and graphite 
appears to influence the recovery of molybdenum with 
change in basicity of the covering in much the same 
manner as observed in Series F in that a reduction in 
basicity reduces the quantity of molybdenum recovered 
In addition, the presence of ferro-silicon further reduces 
the quantity of molybdenum recovered. The tensile 
properties are not considered to be indicative except that 
the low elongations observed appear to be the result of 
some intergranular precipitant present in the deposit. 
The striated fractures are considered to be a further 
indication of intergranular deterioration. 

9. Series I—Ferro-Vanadium.—The recovery of vana- 
dium appears to be influenced by the basicity of the 
electrode covering in that as the basicity is reduced, there 
is a decrease in the vanadium content of the weld metal. 
The tensile strengths observed for this series are com- 
parable to those of the other series where no increase in 
carbon content of the weld deposits occurred. How- 
ever, there is a decrease in elongation as the basicity js 
lowered as has been observed for other series in which 
silicon had not been intentionally increased as the basic- 
ity was decreased. 

10. Series J—Ferro-Vanadium and Graphite—The 
addition of graphite failed to have any effect upon the 
recovery of vanadium in the deposit. Except for the 
effect of the variations in carbon content, the tensile 
properties noted for this series reveal trends similar to 
those observed for Series I. 

11. Series K and L—Ferro-Uranium and Ferro- 
Uranium and Graphite-——The results obtained for both 
series failed to indicate the influence of the basicity of the 
electrode covering upon the recovery of uranium in the 
weld metal. Throughout the range of basicity investi- 
gated, the recovery of uranium was practically nil. 
However, the tensile properties noted for Series K would 
indicate that the small quantity of uranium recovered 
had a decided effect on the physical characteristics of the 
weld deposits. As indicated, there is a decided decrease 
in elongation and the presence of tears on the test lengths. 
These trends are not indicated by the graphite series and 
it is probable that they have been overshadowed by the 
effect of the higher carbon contents of the weld deposits. 

For all series of lime-type coverings under investiga- 
tion, a decrease in the basicity of the covering caused a 
decrease in the recovery of manganese and chronuum 
in the weld metal. The nickel content of the weld meta! 
appeared to be unaffected by changes in the basicity 
while the silicon content of the weld metal increased 
with decreased basicity. The recovery of molybdenum 
appears to be less affected by changes in basicity than by 
the presence of other constitutents such as graphite and 
ferro-silicon. 

The results of that portion of this investigation to 
determine the effect of the particle size of ferro-mang:- 
nese and ferro-molybdenum in lime-type coverings 111 |1- 
cate that particle size is of considerable influence on th: 
recovery of these alloying elements in the weld metal. 
As the particle size of these ferro-alloys is decreased, there 
is a considerable increase in the quantity of alloying cle- 
ment recovered by the weld deposits. 

The results of test of Series M conducted to determune 
the effect of the particle size of ferro-manganese in titania: 
type coverings on the recovery of manganese in the weld 
metal are of particular interest. As previously pointed 
out, when the silicon content of the weld deposit 4p- 
proaches 1%, a reduction of the titania occurs and 4 
portion of the titanium is recovered. The silicon com 
tent of these weld deposits was in excess of 1% and they 
contained appreciable quantities of titanium. [he 
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Fig. 2—Per Cent Molybdenum Recovery vs. Basicity of Electrode Covering 


variation in the quantity of manganese recovered by the the recovery of silicon closely parallels the calculated 
weld metal in this series shows no significant relationship basicity of the formula, whether lime or titania. 


to particle size of the ferro-manganese used in the elec- Following are some observations regarding the tensile 
trode covering. Though the tensile properties deter- properties of weld metal: 
mined for this series show no variation with respect to 1. All tensile specimens prepared with electrodes of 


the particle size of ferro-manganese, they are well below formulas Series A, C, E, L and M, as well as many other 

the average to be expected for this type of weld deposit. individual samples, exhibit tensile strengths and elonga- 

It is considered that this deterioration of tensile proper- tions equal or in excess of 80,000 psi. and 35% elongation 

ties is the result of the presence of appreciable quantities in 2 in. 

of titanium in the weld deposits. 2. The tensile results obtained with formulas Series 
In comparing the titania- and lime-type coverings, it A and C, regardless of the great variations in covering 

is to be noted that: (1) The recovery of manganese and formulas, are relatively uniform. 

of ferro-manganese is lower with the 20% titania for- 3. Electrodes prepared with Series A formulas exhibit 

mulas than the most basic lime formulas. The recovery _ the highest individual elongation, and the highest average 

is at approximately the same level when B/A is about for any series. 

0.80 for the lime formulas; (2) the recovery of carbon 4. The highest individual work factor (tensile 

from graphite in the covering is about equal for the 20% strength times elongation times 10~*), namely 4.02, is 

titania formulas and the most basic lime formulas; (3) exhibited by specimen of formula No. 14. It is to be 
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Fig. 3—Per Cent Vanadium and Uranium Recovery vs. Basicity of Electrode Covering 
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Fig. 4—Per Cent Manganese Recovery vs. Particle Size of 
Ferro-Alloy 


noted that while this specimen contains 0.28% carbon 
and 0.98% silicon, it exhibits a very desirable combin- 
ation of tensile strength and elongation; 100,500 psi. 
and 40%, respectively. 

5. The highest tensile strength combined with fair 
ductility is exhibited by specimen of formula No. 11. 
This specimen contains 0.36% carbon. 

6. The difference in the elongation obtained with 
Series A and B as compared with Series C-D, E-F, G-H 
and I-J indicates the use of manganese metal in prefer- 
ence to ferro-manganese, ferro-molybdenum or ferro- 
vanadium. However, it may be the purity of the elec- 
trolytic manganese over that of the ferro-alloys that gives 
it the advantage. This point was not investigated. 

7. Ferro-manganese, ferro-molybdenum and ferro- 
vanadium, in the absence of ferro-silicon, have about the 
same effect on the tensile properties of the weld metal. 

8. Series G and H indicate that the use of ferro- 
molybdenum in the presence of ferro-silicon is not desir- 
able. 

It will be noted that 5% ferro-silicon in a titania-type 
covering resulted in a very inferior weld deposit; one 
having low tensile strength and elongation, and showing 
many intergranular cracks and side tears. It also re- 
sulted in the reduction of a small amount of titania. 
See Table 6, Series G, No. 61; Series H, No. 66 and 
Series K, Nos. 71,72 and 73. Note that these specimens 
of weld metal contained 0.016% to 0.024% of titanium, 
while only 0.001% was found in the weld metal when 
ferro-manganese was used in the lime formulas (Series 
L, Nos. 74-77). It may be tentatively assumed that a 
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small amount of titanium, derived from the reduction of 
titania in the covering, seriously affects the soundnes 
and tensile properties of AISI type 310 weld metal. 

The influence of the basicity of the covering upon the 
recovery of manganese, carbon and silicon in the welj 
deposit is presented graphically by Figs. 5 to 10, incly. 
sive. In each case the amount of the element found in 
the weld metal specimens is plotted against the basicity 
figure for the formula. Figures 5 to 8 show that the re. 
covery of manganese and carbon increases with increas, 
ing basicity of the formula. Figure 9 shows that the re. 
covery of silicon increases with decreasing basicity of the 
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B/A MOLE RATIO 
Fig. 8—Recovery of Carbon 


formula and Fig. 10 shows that the recovery of silicon 
from silica by the reducing agents present increases with 
decreasing basicity of the formula. 

Some of the curves in Figs. 5 to 10 are nearly parallel, 
but fall one above the other. Referring to Fig. 5, the 
manganese Curve C falls above Curve B apparently be- 
cause there is more manganese available in the coverings 
of Series C. Curve D falls above Curve C apparently 
due to the added shielding given by the 2.5% graphite 
in Series D. Less ferro-manganese is being oxidized by 
the oxygen of the air surrounding the arc because some 
of the graphite is combining with this oxygen to form 
CO, increasing the volume of shielding and reducing 
gases about the arc. 

Referring to Figs. 7 and 8, Curve F falls about 0.05% 
carbon above Curve B. About 0.02% of this difference 
may be considered as the carbon introduced by the ferro- 
molybdenum. The larger difference may be due to the 
shielding effect of the ferro-molybdenum. Curve H falls 
alittle above Curve F apparently because the carbon is 
protected somewhat from loss through oxidation by the 
presence of a greater amount of ferro-molybdenum and 
the presence of ferro-silicon. 

In describing the method used for calculating the base: 
acid mole ratio, it was stated that fluorspar, titania and 
the ferro-alloys were assumed to be neutral with respect 
toeffects on the slags. If an attempt is made to plot the 
data for the 20% titania formulas on the graphs presented 
as Figs. 5 to 10, it is found that the points for manganese 
fall to the left of the manganese curves for the lime for- 
mulas and the points for silicon generally to the right of 
the silicon curves. See points marked T on the graphs. 
This indicates that titania apparently plays an acid role 
with respect to manganese. Its role with respect to 
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METAL ARC TRANSFER 


carbon and silicon seems to be about neutral. It is the 
opinion that a study of a more extended series of titania 
formulas will be required to definitely establish the role 
of titania in covering formulation. 

It would seem that the recovery of metals and metal- 
loids may be generalized in a few brief statements: 

1. Those elements whose resulting oxides are con- 
sidered the most basic are transferred with the least loss 
when the coating and the resulting slag are the most 
basic. 

2. Those elements whose resulting oxides are consid- 
ered the most acid are transferred with the least loss 
when the coating and the resulting slag are the most acid. 

3. Those elements whose oxides hold an intermediate 
position as nickel and molybdenum oxides are trans- 
ferred about equally well whether the coating and the 
resulting slag are basic or acid within the limits investi- 
gated. 

Definitely then, the transfer of materials in the coating 
of a metallic arc electrode involves reactions to the point 
of equilibrium at the temperature of the arc down to the 
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temperature where the liquid phases solidify. The re- 
actions become somewhat involved since there are sev- 
eral gaseous and two liquid phases present. Then there 
are the molecular, atomic and ionized states of the ele- 
ments to be considered. It is probable however that the 
principal reactions involved may be indicated thus: 
B+A0O = BO-+A, where B indicates an element having 
a basic oxide, such as manganese, and A indicates an ele- 
ment having an acid oxide, such as silicon. But the 
final reaction to equilibrium occurs at the interface be- 
tween the two liquid phases, the molten metal and the 
molten slag. Therefore, due to the well-known mass 
effect on the equilibrium point of such reactions, when 
the slag is high in acid radicals, the loss in the basic ele- 
ments will be greater, and when the slag is high in basic 
radicals the loss of acidic elements will be greater. All 
this of course has long been known to the makers of steels 
by the open-hearth and electric furnace processes. 

It is well known by electrode manufacturers that high 
phosphorus is detrimental to the tensile properties of 
Type 310 weld metal. Data in Table 3, specimens 61, 
66, 71, 72 and 73 show that a relatively small amount of 
titanium seriously affects the tensile properties of the 
Type 310 weld metal. Some specifications have set the 
limit of phosphorus for Type 310 weld metal at 0.030% 
maximum. From the data given above it would seem 
that even a lower limit should be set on titanium. 

Whenever a small amount of an impurity or residual 
has such a great effect on the tensile properties of a cast 
metal, it is generally considered that the occurrence 
involves a grain boundary phenomenon. For example, 
an austenitic wrought material may have as high as 
0.090% phosphorus and still exhibit high tensile strength, 
elongation, and a normal shear or tensile fracture. If 
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this same excellent material is made into wire and coated 
by the formulas of Series A and B, and if welds are de- 
posited with the resulting electrodes and tested, all the 
fractures will be of the intergranular, brittle type, and 
not one will show a shear or tensile type of failure. Fur- 
thermore, the weld metal deposits will exhibit ‘‘hot short 
cracks,” intergranular fissures and grain boundary weak- 
ness. The tensile strength may fall as low as 40,000 psi. 
as compared with a tensile strength above 100,000 psi. 
for the original wrought material. Similar poor weld 
metal deposits result if phosphorus is added to the cover- 
ing of a core wire low in phosphorus and capable of de- 
positing excellent weld metal when no phosphorus ad- 
dition is made. Microscopic examination of the metal 
also reveals a new and unidentified phase along the pri- 
mary grain boundaries of the material. 

From the above, it would seem wise for the electrode 
manufacturer to insist on Type 310 core wire steel low in 
phosphorus and titanium, and also specify a low limit for 
any other element of low melting point or whose oxide 
exhibits an acid behavior. These elements include 
phosphorus, sulphur, tin, lead and titanium. As a fur- 
ther safeguard to the quality of Type 310 austenitic weld 
metal, it would seem that a covering of high basicity 
should be used. However, the use of such a covering 
should not be considered as a substitute for steel low in 
impurities. 


Summary of Conclusions 


The basicity of lime-type covered electrodes is of con- 
siderable influence on the arc transfer and weld metal 
recovery of manganese, carbon, chromium, vanadium 
and silicon. As the basicity is increased, the manganese, 
carbon, chromium and vanadium contents of the deposit 
also increase. The silicon content of the deposit de- 
creases with increased basicity. The recovery of nickel 
and uranium in weld deposits does not appear to be af- 
fected by changes of basicity of the coverings of electrodes 


of this type. That of molybdenum appears to be infly. 
enced by the presence of other constituents in the cover. 
ing. 

In titania-type coverings, a reduction in titania occur 
with the resultant recovery of titanium in the weld met,j 
when the silicon content of the deposit approaches 1° 
The tensile properties of such deposits are unsatisfactory 
because of low elongation which is considered to be due ty 
the titanium in the weld metal. 

The effect of the particle size of ferro-alloys in line. 
type coverings is of considerable influence on the recovery 
of manganese and molybdenum in weld metal. As the 
particle size decreases, the quantities of manganese an{ 
molybdenum recovered by the deposits increase. 

The opinions and assertions contained herein are the 
private ones of the writer and are not to be construed as 
official, or reflecting the views of the Navy Department, 
or the Naval service at large. 
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ELDED butt joints in aluminum-manganese 

alloy (Alcoa 3S)t plates have given satisfac- 

tory service for more than 30 yr. in instal- 
lations of tanks, tank cars, pressure vessels and various 
types of containers. Spot and seam welds in vessels 
and equipment formed from sheet have also proved satis- 
iactory. 

The usual fusion welding processes, gas or electric arc, 
can be used in making welds in this material. The tem- 
perature of welding is higher than the annealing temper- 
ature of the material so that in work-hardened sheet and 
plates there is a heat-affected zone in the material on each 
side of a weld. For cold-worked material, therefore, the 
tensile strength of welded sheet and plate is intermediate 
between that of the original and that of annealed material. 
ltshould be noted, however, that the tensile strength of 
i welded joint in annealed sheet and plate agrees very 
well with that of the original annealed material. 

In the case of spot and seam welds, either the alter- 
lating-current or energy-storage types of equipment can 
ve used. The strength of the welds will vary with the 
thickness of the material welded and with the machine 
ettings used in making the welds. 

A number of investigations involving welded Alcoa 3S 
sheet and plate have been carried out at the Aluminum 
Xesearch Laboratories. All of the joints were made in 
the Jobbing Division of the Aluminum Co. of America. 
The butt welds were made by welding operators who 
vere qualified according to the requirements of Case 994 
i the A.S.M.E. Boiler Code'and the spot welds were 
made by operators and equipment employed in regular 
production. The welds, therefore, are not restricted by 


laboratory techniques but represent good commercial 
Practice. 


I. Static Tests, Butt Welds, Room Temperature 


_In one of the investigations of fusion butt welds, tests 


a Assistant Director of Research and Chief Engineer of Tests, Aluminum 
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! Research Engineer, Aluminum Research Laboratories. 

+A.S.T.M. Specification B178-47T, Alloy M1. 


705-s 


Static and Fatigue Strengths of Welded 
Joints in Aluminum-Manganese Alloy 
Sheet and Plates 


By R. L. Templin* and Marshall Holtt 


were made on sheet and plate ranging in thickness from 
1/, to 1 in. and in temper from annealed to full hard. 
There were no significant differences in the strengths of 
welds made with oxyhydrogen gas and similar welds 
made with oxyacetylene gas, using 2S weld rod and no 


flux. The various positions of welding gave comparable 
results and each of the five welders employed appeared to 
be equally skillful. For welds in material having an ini- 
tial tensile strength equal to or greater than the minimum 
specified for 3S-H12§ (-'/,H) material and 3S-F (as hot- 
rolled to gage) material '/, to */s in. in thicknesst 
(17,000 psi.) the tensile strengths of full-section specimens 
averaged 16,200 psi. or about 95% of 17,000 psi. 
The strengths of all 82 of the specimens involved exceeded 
15,300 psi. or 90% of 17,000 psi. The reduced section 
tensile strengths of 95% of the specimens exceeded 14,500 
psi. (85% of 17,000 psi). Although the tensile strengths 
of the original material ranged from 18,400 to 26,000 psi. 
the tensile strengths of the welded joints of both full-sec- 
tion and reduced-section specimens were within the range 
from 13,600 to 16,500 psi. The lowest value, 13,600 psi., 
was caused by an inclusion in one of a pair of duplicate 
specimens, the tensile strength of the other specimen was 
15,900 psi. 

The '/,-in. thick annealed plate used in this investiga- 
tion had an initial tensile strength of 15,900 psi. while the 
average tensile strength of full-section welded specimens 
was 15,600 psi. and that of reduced-section welded speci- 
mens was 15,900 psi. These three values agree very well 
and are more than 10% greater than the specified mini- 
mum tensile strength of annealed plate, 14,000 psi. 

Only one of 144 free-bend specimens showed an elonga- 
tion less than 20% and only 7 showed an elongation less 
than 40%. In duplicate tests, the root-break, side- 
break and nick-break specimens from 42 different plates 
revealed defects in 12 specimens and in only 2 instances 
was more than 5% of the cross-sectional area of the speci- 
men affected. One of these involved a lack of penetra- 
tion and the other a lack of complete fusion. 


_ § On Jan. 1, 1948, a new system of temper designations will become effec- 
tive for Alcoa products. In this paper, the former designations are given in 
parentheses following the new designation. 
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Tests on specimens taken parallel to the weld in '/j-in. 
thick Alcoa 3S-H14 (-'/;H) sheet indicated that the ten- 
sile strength was affected by the heat of welding for a 
distance of about 1'/, in. on each side of the weld. 
These sheets were gas welded using Alcoa 2S filler metal. 


II. Static Tests, Butt Welds, Various Temperatures 


Another investigation was carried out to show the 
effects of elevated temperature on the tensile strength of 
+/,-in. thick Alcoa 3S-F (as hot-rolled to gage) plate gas- 
welded with 2S rod. The test results are indicated in 
Table 1. Although the values given are for holding at 
temperature for 30 min., experience from other investiga- 
tions of 3S indicates that with holding periods up to 5000 
hr. the further loss in tensile strength is not significant. 
These tests were made on round tensile specimens with 
the weld at the center of the length of the '/-in. diam- 
eter reduced section, thus the specimens were similar 
reduced-section specimens in that the weld bead was re- 
removed. In the test at 75° F. the specimen broke 
through the weld but in all the other tests the fracture 
was in the base metal. At 75° F., the values of tensile 
strength and yield strength are lower than the typical 
values for 3S-O (-0) products, but at the higher temper- 
atures the properties are in good agreement with those 
of 3S-O (-0).* 

Results of other tests indicate that the strength in- 
creases as the temperature decreases below 75° F. The 
results from 3S-F (as hot-rolled to gage) plate given in 
Table 2 show the tensile strength of the plate and the 
weld metal at —320° F. to be about twice as great as that 


* Table 16, “Alcoa Aluminum and Its Alloys,” Aluminum Co. of America, 
Pittsburgh, Pa. (1946*). 


at +75° with no significant decrease in the per cent 
elongation in 2in. It appears that in 2-in. thick plates 
the width of the heat-affected zone is less than 12 in, op 
either side of the weld. 


Table 1—Tensile zunqerties of Gas-Welded Alcoa 3S-F 
Hot-Rolled to Gage) Plate (Ae 


Thickness = *#/,-In.; Alcoa 2S Filler Metal 


Vield. 
Strength 
Tempera- Tensile (Offset = Elongation Reduction 
ture, Strength, 0.2%), in 2 In., of Area, 
°F, Psi. Psi. % % 
75 14,450 5400 17.5 45.7 
300 11,600 5400 24.3 48.9 
400 9,100 4900 33.5 77.7 
500 6,250 3800 37.5 78.4 
600 4,400 3000 39.5 80.3 


— covered by A.S.T.M. Specification B178-47T, Alloy 

Time at temperature was 30 min. 

For a description of the testing machine used see “Mechanical 
Properties of Aluminum Castings Alloys at Elevated Tempera. 
tures,” by R. L. Templin, C. Braglio and K. Marsh, Trans. A.S. 
M.E., Iron-Steel Section, 50 IS-50-58 (1928). 


Ill. Fatigue Tests, Butt Welds 


Laboratory fatigue tests have been made with three 
types of specimens using material for which static tensile 
strengths were also available, as indicated in Table 3. 
The properties of the original sheet and plate satisfy the 
requirements of A.S.T.M. Specification B178-47T Alloy 


Table 2—Tensile Properties of 3S-F (As Hot-Rolled to Gage) Plate 
Thickness =2In.; Tungsten Arc, 2S Filler Metal 


Vield 
Testing Tensile Strength Elongation Reduction 
Temperature, Strength, (0.2% Offset), in 2 In., of Area, 
Remarks °F. Psi. Psi. % % 

Original plate + 75 17,800 8,800 35.0 65.3 
—320 36,000 11,600 45.5 55.6 
12 in. from welded joint + 75 17,500 8,400 35.8 69.3 
—320 35,600 11,200 41.0 58.4 
Weld metal + 75 16,200 6,100 30.0 56.3 
—320 32,800 8,200 29.5 39.2 


Standard !/;-in. diameter round tension test specimens—Fig. 3 of Standard Methods of Tension Testing of Metallic Materials (8-46), 


1946 Book of A.S.T.M. Standards, Part IB, p. 298. 


= 


Table 3—Results of Tensile Tests 
Aluminum Alloy Alcoa 3S Sheet and Plate Used in Fatigue Tests 


—Unwelded Sheet and Plate~ 


Yield 
Strength Elonga- 
Thick- Tensile (Offset tion 
ness, Strength,* =0.2%) in 2In., 
In. Temper Psi. Psi. % 
1/4, H14 (-1/;H) 21,000 19,300 10.0 
1/, H14 (-?/,H) 21,200 19,600 9.3 
3/5 F (As hot-rolled to gage) 22,800 17,400 27.5 


Welded Butt Joints 


Vield 
Strength Elonga- 
Tensile (Offset tion § 

Weld Strength,* =0.2%) in 2 In. 

Welding Process Rod Psi. Psi. . 
Oxyhydrogen 2S 15,900 7,900 20. 

Are 15,600 9,000 14.4 
Oxyhydrogen op 15,400 7,000 27.5 
Manual metallic arc 43S 19,400 (+) 12,200 9.9 


Machine carbon arc 2s 17,600 (fT) 9,400 21. 


* 1/,-in, wide tensile specimen used, see Fig. 2 of Standard Methods of Tension Testing of Metallic Materials (E8-46) 1946 Book of 


A.S.T.M. Standards, Part 1B, p. 297. 
t Weld bead removed. 


Panels 8a and 10—metal arc, 43S rod, warped considerably and flattened, 10 to 17!/2% elongation in the free bend test. 
Panels 9 and 9a—carbon arc, 2S rod, slight warping, no flattening, no failures in the free bend test. 
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and M!t are in good agreement with typical values for 
the material.* 

It will be noticed that the tensile strengths of the 
welded sheet and plate are lower than those of the original 
sheet and plate but they are well above the specified mini- 
mum tensile strength for annealed material. The arc- 
welded */s-in. thick 3S-F (as hot-rolled to gage) plate had 
, tensile strength above the minimum strength specified 
‘or as-rolled material. Free bend tests were also made 
in the */s-in. thick plate. The specimens from the pan- 
els welded with the automatic carbon-are and Alcoa 25 
weld rod all bent flat upon themselves without cracking 


* See Table. 12, “Alcoa Aluminum and Its Alloys,” Aluminum Co. of 
ica (1946*). 
an Requirements of A.S.M.E. Specification SB-126 are identical for the 
thickness range involved. 


Fig. 1—Repeated Flexure Fatigue Testing Machine for Thin 
Sheet Metal 


welded with the manual metal-arc 
aid Alcoa 43S weld rod developed 
tlongations from 10 to 17% in 0.5 in. 
and bent through angles varying from 
55 to 93° before cracks developed. 

In one series of fatigue tests of 
butt joints in */\s-in. thick 3S-H14 
“/sH) sheet gas welded with Alcoa 
S weld rod, the specimens were sub- 
jected to reversed flexural stresses. 
The triangular-shaped specimen of 
the type shown in Fig. 1 was sup- 
ported as a cantilever beam and 
waded at its apex so that the com- 

, puted bending stress was uniform in 
the test section containing the weld. 
The weld was parallel to the axis of 
vending and the weld bead was not 
‘moved. A battery of the fatigue 
esting machines used in these tests 
shown in Fig. 1.t In the second 


1947 


and showed 45% elongation. The specimens from panels 
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Fig. 3—Specimen of Welded */,-In. Thick Alcoa 3S-F (as Hot- 
Rolled to Gage) Plate in Unit a Fatigue Testing Ma- 
chine 


series of fatigue tests, butt-welded joints in '/s-in. thick 
Alcoa 3S-H14 (-'/2H) sheet were subjected to axial stress 
varying from zero to a maximum in tension. Both arc- 
welded and gas-welded joints were tested without 
removal of the weld beads. Figure 2 shows a speci- 
men of this type in a 50,000-Ib. capacity fatigue test- 
ing machine.* The third series of fatigue tests was 
made on arc-welded joints in */s-in. thick 3S- F (as 
hot-rolled to gage) plate. Both 43S and 2S weld rods 
were used. The stress was axially applied and varied 
from zero to a maximum in tension. The weld beads 
had been removed by chipping with a pneumatic 
hammer, grinding with a rotating emery-paper disk 
and finally polishing with finer emery paper in the direc- 
tion normal to the weld so as to remove all deep scratches 
and so the remaining fine scratches would be parallel to 
the direction of stressing in the tests. The 50,000-lb. 
capacity fatigue testing machine shown in Fig. 3 was 
used for this third series of tests.* 

* For a description of the testing machine see “‘Fatigue Machines for Test- 
ing Structural Units,”’ by R. L. Templin, Proc. A.S.T.M., 39, 711-722 (1939). 

t For a description of the testing machine see “The Fatigue Properties of 


Light Metals and Alloys,” by R. L. Templin, Proc., A.S.T.M., 33, Part II, 
364-386 (1933). 


Fig. 2—Specimen of Welded '/;-In. Thick Alcoa 3S-H14 Sheet in Structural Fatigue 
Testing Machine 
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Fig. 4—Specimen of Welded '/,-In. Thick Alcoa 3S-H14 Sheet 
er Fatigue Test, Load-Cycle from Zero to a Maximum in Ten- 
sion. Specimen Failed After 301,100 Cycles at 0 to 3590 Psi. 


Since the flexure fatigue testing machines are of the ITEM 9A [ 
fixed deflection type, auxiliary calibrations are required - 
to interpret deflection into stress. The load-deflection % 
relation for one of the specimens was determined in a * 
static test and the stress corresponding to a given deflec- 
tion was then determined from the ordinary beam formula. % 
In the axial-load tests, the loading beam of the testing 
machine is used as the load-weighing device and the de- 
flection of the beam is measured while slowly turning the 
machine by hand. The load on the specimen is then ob- 
tained from the calibration curve previously determined. 
The inertia effects for these machines operating at nor- 
mal speed have been’ determined so that the necessary 7 | - 
small corrections can be applied to the loads obtained 
from the measured deflection of the beam. 4 

Each fatigue testing machine is equipped with a cycle 
counter and cut-off switch. The machine is stopped Boe ll 
automatically when a specimen fails. The arrangement we SR ; ” 
is sensitive enough that a change in load of about 100 Ib. 
will stop the direct-stress machine. Sometimes the 
limit switch is readjusted after first failure so that the 
growth of the crack can be watched. 

The individual fatigue test specimens were cut from 


Fig. 5—S ens of Welded */;-In. Thick Alcoa 3S-F (as 
Hot- to Gage) Plate After Fatigue Test. Load Cycle 
trom Zero to Maximum in Tension 


Items 8A and 10 metal-arc welds with Alcoa 43S wire. Items 9 
and 9A carbon-are welds with Alcoa 2S wire. 


Fatigue Cracks— 


Fig. 6—Specimen of Welded */;-In. Thick Alcoa 3S-F (as Hot-Rolled to Gage) Plate After Fatigue Test Showing 
Fatigue Cracks Following Transverse Scratches Produced by Grinding 
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large panels formed by welding together two pieces 12 or 
i4in. wide and 24, 60 or 66in. long. Thus, the welding 
obtained was more representative of commercial practice 
than would have been obtained by welding individual 
specimens. 

Some of the specimens after test are shown in Figs. 4, 
jand 6. In the axial load tests on '/s-in. thick sheet, all 
failures were along the edge of the weld as shown in Fig. 
4. Figure 5 shows the portions of the */s-in. thick plate 
containing the welds. Items 8a and 10 are metal-arc 
welds made with Alcoa 43S rod and Items 9 and 9a are 
carbon-arec welds made with Alcoa 2S rod. As an item of 
interest, Fig. 6 shows the fatigue cracks following the 
course of the rotary-sander marks which were not com- 
pletely removed in the polishing operation. Although 
the strength of this specimen was not adversely affected 
by these marks, the location of the fatigue crack is clearly 
governed by them. 

The results of the fatigue tests are shown in Fig. 7. 
For the axial-load tests the stresses given are simply aver- 
age stresses obtained by dividing the maximum load in 
the cycle by the cross-sectional area of the plates in the 
reduced section. In the case of the flexural tests, the 
stresses given are the extreme-fiber bending stresses ob- 
tained by dividing the bending moment at any section by 
the section modulus at that section. In other words, the 
increased thickness at the weld and stress concentrations 
such as those produced by the change in thickness at the 
edges of the weld bead were not taken into account in the 
plotted stress values. 

In fatigue tests using polished specimens to determine 
the properties of a material, it has been found that the 
latigue strength for a given number of cycles determined 
by the reversed flexure test is about 70% as great as that 
determined by the axial load test with the load varying 
irom zero to a maximum in tension. The data in Fig.7 
indicate, however, that for the sheet tested without re- 
moval of the weld bead the reversed flexural fatigue 
strength is considerably higher than the direct-stress fa- 
gue strength. Although this comparison is complicated 
by the differences in thickness of the material, the result 
Snot entirely unreasonable, since in the flexure test any 
porosity or other weld defect buried below the surface of 
the material is subjected to a nominal stress somewhat 
‘maller than the nominal value at the surface. On the 
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CYCLES 
Fig. 7—Fatigue Strength of Butt-Welded Joints Aluminum Alloy Alcoa 3S Sheet and Plate 


other hand, in a direct-stress test, all points in the weld 
are subjected to a nominal stress close to the average 
value. 

It has been demonstrated previously in axial load tests 
on steel plates* and on plates of aluminum alloy 61S-T6 
(-T)t that removal of the weld bead is accompanied by 
an increase in the fatigue strength. The data in Fig. 7 
indicate that between 10° and 10’ cycles of stress the fa- 
tigue strength of the plate with dressed welds is from 2.2 
to 2.7 times that of welded plates from which the bead has 
not been removed. This ratio is much greater than that 
indicated by the tests on */s-in. thick welded 61S-T6 
(-T) plate but the comparison is complicated by the 
difference in material thickness. 


IV. Static Tests, Spot Welds 


The static shear strength of spot welds varies with the 
thickness of the material welded as indicated in Fig. 8. 


* Wilson, Bruckner, Coombe and Wilde, Fatigue Tests of Welded Joints 
in Structural Steel Plates, Bulletin 327, Engineering Experiment Station, Uni- 
versity of Illinois. 

t Hartmann, Holt and Zamboky, ‘‘Static and Fatigue Tests of Arc-Welded 
Aluminum Alloy 61S-T Plate,”” The We JourNAL Researcu 
ment, XII (3), 129-8 to 138-s (1947). 
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Fig. 8—Static Shear Strength of Spot-Welded Joints. Aluminum 
Alloy Alcoa 3S Sheet 
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Fig. 9—Fatigue Tests of ta ay Joints in a Sheet 0.032 In 
ic 


The curves represent the average strengths obtained 
from a large number of specimens using various settings of 
the machine within the normal operating range. The 
test specimens were simple lap joints containing two 
spots in tandem and were tested with self-aligning grips 
equipped with spherically seated tension bolts. Ex- 
perience indicates that good spots should have a diam- 
eter equal to the thickness of the material plus '/j in. 
and a spacing of at least 8 times the material thickness. 


V. Fatigue Tests, Spot Welds 


The fatigue strengths of spot welds in 0.032- and 0.064- 
in. thick sheet were determined in an R. R. Moore type 
rotating-beam fatigue testing machine. Four speci- 
mens, each consisting of a lapjoint with a single spot, 
were fitted to flanged adapters forming the central part 
of the rotating beam as indicated in Fig.9. Ineach revo- 
lution of the beam each spot weld was subjected to a 
complete reversal of shear stress. The load was applied 
to the rotating beam by means of a calibrated spring. 
The failure of one spot resulted in the collapse of 
the beam and the machine was automatically stopped. 

The results of the fatigue tests on spot welds are 
shown in Fig. 10. The data points shown at '/, cycle are 
the static strengths of the welds used in this series of 
tests. The endurance limits, defined as the fatigue 
strength at 500 million cycles, range from 9 to 13% of the 


static shear strengths. 


These ratios are not as great as 
those usually obtained for riveted lap joints in aircraft 
materials. 


VI General Remarks 


Experience and also test results indicate that the 
creep characteristics of this material are such that creep 
is not a significant factor in the usual design problem, 

For use in pressure vessels, Case No. 994 of the A\S. 
M.E. Code for Unfired Pressure Vessels* allows a work. 
ing stress equal to 80% of 2800 psi. or 2240 psi. for fusion. 
welded 3S sheet and plate. The fatigue strengths shown 
in Fig. 7 are above this value and the curves indicate that 
if the stress does not exceed 2240 psi. fatigue failure js 
very unlikely. In proposed revisions of the Code, the fac- 
tor of safety is reduced from 5 to 4 so the new design stress 
might be 80% of 3500 or 2800 psi. which corresponds to 
about 3.5 million cycles of operation from zero to maxi- 
mum pressure. In order to reach this number of cycles, 
a vessel would have to go from zero to maximum pressure 
400 times per day for nearly 25 yr., a rate of operation 
well beyond what would be expected of any ordinary 
vessel. 


VII. Summary 


The information on the strength of welded joints in 
Alcoa 3{ sheet and plate is summarized below: 

(a) The static tensile strengths of fusion-welded butt 
joints at various temperatures are as follows: 


Tensile 
Temperature, Strength, 
Psi. 
—320 31,000 
75 15,500 
300 11,000 
400 8,000 
500 5,500 
600 4,000 


Tests at elevated temperatures made on round specimens turned 
from */,-in. thick plate gas welded with Alcoa 2S weld rod. Tests 
at 75° also made on sheet and plate ranging in thickness from '/s to 
1 in. and from annealed to full hard using full-section and reduced- 
section specimens. Values given are rounded off for general use. 


Value for —320° F. taken as two times value of +75° (see Table 
2). 


« Mechanical Engineering, Vol. No. 1, June 1943, p. 443. 
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Fig. 10—Shear Fatigue Strength of Spot-Welded Joints. Aluminum Alloy Alcoa 3S Sheet 
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(b) The reversed-flexure fatigue strengths of fusion- 
welded butt joints at various numbers of cycles are as 
follows: 


Fatigue 
e No. of Strength, 
p Cycles Psi. 
100,000 12,900 
i 2,000,000 9,200 
“ 10,000,000 8,100 
“Triangular specimens cut from thick half hard sheet gas 
n welded with Alcoa 2S weld rod, weld bead not removed. 
it 
is (c) The axial-load fatigue strengths of fusion-welded 
:- butt joints with weld bead not removed are as follows: 
3S 
Fatigue 
1- No. of Strength, 
S, Cycles Psi. 
100,000 5,100 
2,000,000 2,900 
10,000,000 2,600 
Stress range from zero to maximum in tension, joints in '/¢-in. 
thick sheet hot rolled to gage. 
(d) The axial-load fatigue strengths of fusion-welded 
“ butt joints with weld bead removed are as follows: 
tt 
Fatigue 
No. of Strength, 
= Cycles Psi. 
100,000 11,400 
2,000,000. 7,500 
10,000,000 6,900 
Stress range from zero to maximum in tension. 
(e) The static shear strengths of spot welds taken as 
? the average test result for a large number of specimens 


are as follows: 


ve Sheet Static Shear 
le Thickness, Strength, 
In. Temper Lb./Spot 
= 0.032 Annealed 155 
0.064 Annealed 370 
0.032 Half or full hard 225 
0.064 Half or full hard 630 


(f) The fatigue shear strengths of spot welds in an- 


me sheets, complete reversal of stress, are as fol- 
ows: 


Fatigue Shear rane, Lb./Spot 


¥ No. of 0.032-In. 0.064-In, 
aa Cycles Sheet Sheet 
a 100,000 37 94 

= 2,000,000 30 65 

‘a 10,000,000 28 55 


(g) The fatigue shear strengths of spot welds in half- 
d sheet, complete reversal of stress, are as follows: 


Fatigue Shear ats Lb./Spot 


No. of 0.032-In. 0.064-In. 
Cycles Sheet Sheet 
100,000 37 103 
2,000,000 30 75 

10,000,000 28 65 
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Discussion of the Paper “Dis- 


tribution of Strength and 

Ductility in Welded Steel 

Plate as Revealed by the 

Static re Bar Tensile 
es 


By Finn Jonassent 


vestigation is the low notch strength and notch 

ductility obtained at room temperature at the 
center line of manual welds. In the as-welded condition, 
this reduction amounts to a decrease of notch strength 
at the weld center line of about 22% as indicated by the 
eccentric tests and a reduction of the notch ductility of 
about 38% as indicated by the concentric tests in both 
cases relative to the unaffected parent plate. Since the 
machine welds do not exhibit this large reduction of 
notch strength and ductility, the question is raised-what 
can this difference mean? If identical welded structures 
were tested which involved the same restraints and cool- 
ing rates during welding as obtained in the fabrication of 
the notched specimens, could we expect the manually 
welded one to fail at room temperature after absorbing 
less energy than the machine-welded unit? In addition, 
would we expect the manually welded structure, when 
tested at a temperature lower than room temperature 
(say between 0 and —50° C.) as indicated by Figs. 9 and 
10, to fail after absorbing more energy than at room tem- 
perature? 

The author’s findings appear to be in qualitative agree- 
ment with the recently published work by Grossman and 
Shepler' who report the transition temperature at the 
weld centerline for manually welded specimens (welded 
using E6010 and E6020 electrodes) to be about the same 
as for the parent plate and that specimens welded by the 
submerged melt process have transition temperatures 
lower than the parent plate at this same location. Ata 
distance of about 0.3 in. away from the center line of the 
weld, Grossman and Shepler report transition tempera- 
tures in manual weldments higher than that of the parent 
plate while the transition temperature of the machine- 
welded specimens at the same location are about the same 
as at the center line of the weld. 

In Conclusion No. 1, the authors note that the hard- 
ness survey is useful as an indication of the extent of the 
heat effect and to evaluate the hardening effects of various 
welding and metallurgical variables. Based on recently 
reported work by Stout and others’ involving medium 
and high-tensile steels, there appears to be a definite cor- 
relation between the maximum hardness observed in the 
weldment (bead on plate) and the transition tempera- 
ture of the entire weldment. Thus a hardness survey 
capable of picking up the maximum hardness would ap- 
pear to be a particularly useful tool to study the effects of 
welding variables in various zones of the weld and in assist- 
ing in predicting the resulting behavior of the entire 
specimen. 

In conclusion, I should like to ask this question—Do 
the authors feel that the notch strength as obtained, 
(Continued on page 726-s) 

° Paper by W. F. Brown, Jr., and others, Taz WeLpino Journat, 26 (10), 


Research Suppl., 545-s to 554- -s (1947). 
t National Research Council, Washington, D. C. 


()* of the most outstanding findings of this in- 
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A Study of Projection Welding 


By W. F. Hesst and W. J. Childst 


Summary 


weld time, electrode force and welding current on 

weld formation were studied. It was found that the 
diameter of the coined projection was not very critical 
but certain values gave best results over wider ranges of 
welding conditions. Projection heights of 20-25% of 
the projection diameter resulted in satisfactory welds 
over a much wider range of welding currents than lower 
projections. The major portion of projection collapse 
took place in the first 15% of the welding period when 
optimum welding conditions were used. Multiple welds 
had proportionally less strength than equal-sized single 
welds. It was found that the minimum spacing between 
projections should be about 21/; times the diameter of the 
fused zone to prevent the welds from merging. The 
strength of multiple welds was found to increase with the 
spacing between tke welds. The shear strength of welds 
made in A.I.S.I. 1015 and 1020 steels was higher than 
for welds in 1010 steel, but the normal tension strength 
was much lower. The strength of welds made in an 
aluminum-killed A.I.S.I. 1015 steel was higher in both 
normal tension and shear strength than similar welds in 
an A.I.S.I. 1015 rimming steel. 


[ THIS investigation the effects of projection size, 


Introduction 


Although projection welding is widely used industri- 
ally, it has been felt that too little has been known re- 
garding the fundamentals of the process. This investi- 
gation was therefore undertaken for the purpose of ob- 
taining more information on the basic principles of the 
process and the variables involved. The project was 
conducted at the suggestion of the Resistance Welding 
Research Committee and under the sponsorship of the 
Welding Research Council. Since the major portion of 
projection welding is done in low-carbon steels in the 
medium thickness, A.I.S.I. 1010, 1015 and 1020 steels in 


4 operas at 28th Annual Meeting, A.W.S., Chicago, Ill., week of Oct. 19, 
+ Welding Laboratory. Rensselaer Polytechnic Institute, Troy, N. Y. 


the 0.062-in. and 0.125-in. thickness were selected for 
welding. All work was done on two equal thicknesses of 
these materials. 


Material 


The material used in this investigation was A.I.S.I. 
1010, 1015 and 1020 steel supplied in the 0.062- and 
0.125-in. thickness. The ladle analyses of these steels 
is listed in Table 1. All but item 4 were rimming steel; 
item 4 was aluminum killed. Some of the material was 
partially rusted in shipment and the other items had a 
rather high surface contact resistance. To obtain a uni- 
form surface this material was grit blasted prior to 
welding. 


Equipment 


Welding was done on a press-type welding machine 
with a motor-operated toggle mechanism. Welding pres- 
sure was supplied by an air-filled rubber bellows. The 
machine was equipped with an aluminum moving head 
to minimize inertia. Control was obtained electronically 
utilizing a phase-shifting circuit for varying the magni- 
tude of the welding current. A current regulator was 
used to maintain constant current but this equipment 
could be eliminated from the circuit when desired. An 
electrode-force gage was used for studying the variation 
of electrode force during welding and an electrode-travel 
gage, to be described more fully later, was used for study- 
ing the speed of projection collapse. 


Testi 


Shear and normal tension tests were employed in evalu- 
ating the mechanical properties of the projection welds. 
The specimens used are shown in Fig. 1. In the normal 
tension tests the welded specimens were clamped in 4 
holding jig that prevented any appreciable bending of 
the specimen when the weld was loaded in a direct on 


Item Material, Thickness, 


No. A.1LS.I. No. In. Cc Mn Si Cu Ni Cr 
1 1010 0.062 0.08 0.36 0.007 0.028 0.012 0.04 0.06 0.05 
2 1010 0.125 0.08 0.39 0.010 0.027 0.010 0.06 0.05 0.03 
3 1015 0.062 0.14 0.54 0.014 0.035 0.01 0.11 ee .* 
4 1015 0.062 0.15 0.40 0.012 0.012 0.027 0.03 (Al. killed) 

5 1015 0.125 0.14 0.54 0.014 0.035 0.010 0.11 0.11 . 
6 1020 0.062 0.20 0.45 0.012 0.042 0.003 0.01 - 
7 1020 0.125 0.20 0.45 0.012 0.042 0.003 ee 


Treatment: Items 1, 2, 3, 4 and 6—cold reduced, box annealed and temper rolled. Items 5 and 7—hot rolled. 
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TENSION SPECIMEN 


3/4" 


NORMAL 


6 J 
SINGLE WELD 
SHEAR SPECIMENS 
10" + 10°. 
K 


DOUBLE WELD 
TRANSVERSE 


DOUBLE WELD 
LONGITUDINAL 


Fig. 1—Test Specimens Used for Normal Tension and Shear 
Tests. Double-Weld Shear Specimens Shown with Welds 
Parallel and Transverse to Direction of Loading 


perpendicular to the sheets. In the double shear speci- 
mens the two welds were arranged both longitudinally 
and transversely to the direction of loading as is also 
shown in Fig. 1. 


Dies and Punches 


It was decided to limit the investigation to coined pro- 
jections of spherical shape. It was felt that this type of 
projection offered the best possibilities for symmetrical 
current distribution and uniform projection collapse. 
In order to investigate the effect of the diameter and 
height of the projection, a large number of dies had to be 
made. For each die the radius of curvature was calcu- 
lated from the height and diameter of the desired pro- 
jection. A steel ball of this radius was forced into a 
piece of annealed die steel to form the correct die de- 
pression. The surface of the die was then ground down 
to give a flat upper suface with a spherical depression of 
the correct diameter and height. The volume of the die 
depression was calculated and the punch made of equal 
Volume since it had to force that amount of metal into 
the die depression. Most of the punches were designed 
as a section of a truncated cone with a 30° half angle. 
A given height was chosen and the correct diameter for 
the punch was computed. A punch height slightly 
greater than the height of the projection was found to be 
the most satisfactory. Punchesthat were very muchlower, 
although of the correct volume, did not result in a full 
height projection. Higher punches gave a correct height 
projection but did not completely fill the die on the sides, 
resulting in a nonspherical projection. These dies and 
punches were made from an air-hardening tool steel. 
The designation of projection die and punch dimensions 
is shown in Fig. 2. Some punches were made with a 
spherical surface, consisting of steel balls set in a recessed 
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holding die. The dies and punches were mounted in a 


die set, coining pressure being supplied by a hydraulic 


press. 


Welding Electrodes 


Welding dies were made primarily from Mallory 100 


and Mallory Elkonite 10W3 and 20W3. These were 
machined with flat surfaces of different diameters. The 
diameter of the electrode was made at least equal to 
twice the projection diameter. Smaller diameter elec- 


trodes resulted in overheating of both the electrode and 
and the sheet. 


General Procedure 


The investigation was initially centered on welding the 
A.1L.S.1. 1010 steel in the 0.125-in thickness. This choice 
was made since the larger projections and longer weld 
times employed with the thicker material permitt: 4 a 
better opportunity for studying the variables involved. 
The lowest carbon steel was chosen to avoid any com- 
plications arising from hardening due to the heat of weld- 
ing. The effects of electrode force, weld time and weld 
current were first studied. Welds were made using pro- 
jections of 0.30, 0.40 and 0.50-in. diameter and of various 
heights. These welds were tested in shear and normal 
tension to study the effects of the different variables on 
the mechanical properties of the weld. 


PROJECTION DESIGN 


PUNCH 


PROJECTION SPACING 


=| 
EDGE DISTANCE 


Fig. 2—Design of Projection, Punch and Designation of Pro- 
jection Spacing and Edge Distance 
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Weld Formation 
The process of projection collapse and weld formation 
was studied and can be followed in the series of photo- 
graphs in Fig. 3. In this series a projection with a diam- 
eter of 0.30 in. and a height of 0.055 in. was used with 3 
electrode force of 1500 lb. The photographs show the {| 
progress of the weld after 15, 30,45 and 120cycles. With o 15900 
a slightly higher power level the same type of series may « 
be obtained in less time. There isalwaysasmallamount 
of cold collapse, of the order of 5-8%, and a slight in- 2 
dentation of the uncoined sheet as the electrodes are S 
brought together prior to welding. Thisresultsininitial 
contact over a small area rather than a point. As soon 10,000 
as the welding current starts to flow, heating occurs, 
being concentrated primarily in the region of the con- | 
tact area. This causes the projection to flatten out, in- objet 
creasing the contacting area as is visible in Fig. 3 (a). | 4 a ee usins 
' GLEGTRODE FORCE +1500 Les evcle 
NOTE NO FUSED ZONE WAS OBTAINED WITH IS CYCLE WELD Time ‘ 
q Elect 
Diameter of Fused Zone, In. TI 
Fig. 4—Influence of Weld Time on Fused Zone Diameters Ob- — 
tained with Varying Welding Current, 0.125 in. AISI 1010 Steel = 
dens 
In the next photograph, Fig. 3(b), the projection has then 
flattened almost completely and metal has been forced -— 
back into the punched recess. No fusion has occurred the 
but some pressure welding has taken place. This has plete 
actually progressed further at the periphery of the con- @ ™ 
tact area for it is apparent that in the center, welding is weld 
less complete and a slight line of nonadherence is visible. hich 
In Fig. 3(c), at the end of 45 cycles, the rear of the pro- nd , 
jection has been forced down against the lower electrode om 
and melting has taken place at the sheet interface, ana 
resulting in a fused zone of 0.22 in. diameter. Longer — 
time causes the fused zone to increase in size. At @ ““* 
60 cycles it will be 0.33 in. in diameter and 0.38 in. in matt 
diameter at 120 cycles, as can be seen in Fig. 3(d). = 
By increasing the welding current the whole process is A 
accelerated and the larger size welds obtained at 45 of 0, 
cycles. It is apparent, however, from this series that sults 
collapse of the projection is practically complete before poin 
any fusion of the metal occurs. The projection serves to elect 
concentrate the flow of current and the heat developed exac 
in the region of the projection. If current flow is con- Exce 
tinued for a considerable length of time after the pro- Wj ™at 
jection is completely collapsed, the fused region will ex- For. 
pand until it is greater in diameter than the original pro- for @ 
jection. This is the case for the 120-cycle weld of Fig Fi 
3 (d). tak 
This 
Weld Time weld 
Weld-time studies were made using weid times of 19, fore 
30, 45 and 60 cycles. Figure 4 shows the diameter of the J im 
fused zone obtained with varying weld current for differ- th 
ent weld times. The projection collapsed and a pressure asp 
weld was formed but no actual fused zone was developed tea 
At a weld current of 22,000 amp., the heating of the pro- pet 
jection was so rapid and the temperature gradient so ri 
steep that the metal was not forced back into the punched pee 
recess as is generally the case, but flattened only on top. th . 
A 30-cycle weld time resulted in the production 0! me 
fused zones but, as can be seen from Fig. 4, the variation se 
in welding diameter with welding current was greater T 
than in the case of 45- and 60-cycle welds. For this rea- mad 
son and because slightly better consistency was obtained 3a. This 
Pi. 3—Photomacrographs Showing Projection Collapse and with 45 cycles, a 45-cycle weld time was selected for this Bi Whe 
eld Formation with Increasing Time; .125-In. A.LS.I. 1010 thickness. No advantage was found in using longer V 
Steel. 5X time. The actual time used is not very critical as long a gr 
(a) IS cycles; (b) 30 cycles; (c) 45cycles; (d) 120 cycles. as at least 30 and preferably 45 cycles are used. ae lncr 
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iq. 5—Oscillogram Showing the Variation of Electrode Force 
” During a Projection Weld 


The higher power levels required with the shorter weld 
times caused increased flashing at the start of the weld. 
The amount of flashing with a 45-cycle weld time was not 
objectionable and was not substantially decreased by 
using the somewhat lower current sufficient for the 60- 
cycle weld time. 


Electrode Force 


The magnitude of the electrode force is a very impor- 
tant factor in projection welding. There must be suffi- 
cient force to (a) hold the projection firmly against the 
uncoined sheet at the start of the weld when the current 
density is very high; (6) maintain intimate contact when 
there is a tendency for a drop in pressure during projec- 
tion collapse; (c) cause complete projection collapse at 
the end of the weld; and finally (d) minimize or com- 
pletely eliminate porosity when the weld-fused zone is 
formed. On the other hand, excessive electrode force 
causes premature projection collapse with little if any 
weld formed. Higher projections necessitate somewhat 
higher electrode force to collapse the projection com- 
pletely and to give consistent results. Higher currents 
must be used with higher electrode forces to produce the 
same size weld since the resistance decreases with in- 
creased electrode force. Higher electrode forces also per- 
mit making a larger size fused zone without the danger of 
expulsion of metal from between the sheets. 


An electrode force of 1500 Ib. was used for a projection 
of 0.30-in. diameter and 0.055-in. height, with good re- 
sults. However, slightly better results, from the stand- 
point of consistency and porosity, were obtained using an 
electrode force of 2000 Ib. with this projection. The 
exact electrode force used in this range was not too critical. 
Excessive electrode force will collapse the projection pre- 
maturely, preventing adequate and consistent welding. 
For example, an electrode force of 2500 Ib. was excessive 
for a projection of 0.40-in diameter and 0.070-in. height. 


For dynamic electrode force measurements during the 
making of the weld, an electrode-force gage was used. 
This gage was similar to those used previously in spot- 
weld investigations. Figure 5 shows a typical electrode- 
force record obtained when welding 0.125-in. material 
using an electrode force of 1000 lb. and a projection 
0.30-in. diameter and 0.027-in. height. It can be seen 
that there was a drop in electrode force of about 10% at 
theend of 2cycles. The electrode force then built up as 
the inertia of the moving head of the welding machine was 
overcome. As the steel expanded during the latter por- 
tion of the welding period, the electrode force was in- 
creased, in this case to a value almost 25% greater than 
the average electrode force. This additional electrode 
lorce was lost as soon as cooling occurred. 


The induced a.c. pickup caused some interference and 

made it difficult to measure exactly the change in force. 

_ This was especially true at the beginning of the weld 
when the current was just starting to flow. 

Welds made in a very short time, e.g., 15 cycles, show 

‘greater drop in electrode force at the start of the weld. 

Increased electrode force does not eliminate this drop in 


force as the projection collapses, but it does increase the 
minimum value to which the electrode force drops, thus 
decreasing the flashing at this point. Welds made with 
higher projections show a little greater momentary de- 
crease in electrode force immediately after the start of the 
weld period. 


Projection Height 


In studying the effect of projection height, welds were 
made using different height projections in several differ- 
ent diameters. In the 0.30-in. diameter series, heights 
of 0.027 in. and 0.055 in. were compared. In Fig. 6 the 
shear and normal tension strengths are shown as a func- 
tion of the welding current for welds made in 0.125-in. 
A.1L.S.1. 1010 steel, using a projection of 0.30-in. diameter 
and 0.027-in. height. Itcan be seen that welds made at 
8300 amp. had a rather low normal tension strength, 
giving a ratio of normal tension strength to shear 
strength of only 49%. As the current was raised both 


* the normal tension and shear strengths were increased. 


More improvement was shown in the normal tension 
strength so that the ratio of normal tension to shear 
strength increased to 75 and 82% at 9600 and 10,900 
amp., respectively. The welds made at 8300 amp. had 
only the beginning of a fused zone, and in normal tension 
failed by tearing across the weld. Welds made at 9600 
amp. had a fused zone of 0.28in. When tested in normal 
tension, only one of these welds failed with a partial plug; 
the remainder failed by tearing through the weld. Welds 
made at 10,900 amp. had a fused zone of 0.032 in. 
and in all cases produced a plug-type failure in the normal 
tension test. Plug-type failures are to be preferred 
since they, in general, give more consistent results and 
show the strength of the weld since failure takes place in 
the base metal and not in the weld itself. These last 
welds were the most consistent, as well as the strongest. 
This shows the desirability of obtaining weld-fused zones 
of sufficient size to give optimum properties. 

The normal tension and shear strengths for welds 
made using a 0.30-in. diameter and 0.055-in. height are 
also plotted as a function of the welding current in Fig. 
6. For welds with this projection the electrode force 
was increased, since higher projections necessitated 
higher electrode forces to give consistent results. With 
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Fig. 6—Variation of Shear and Normal Tension Stren with 
_ Welding Current for Different Height Projections in the 0.125- 
In. A.L.S.I. 1010 Steel 
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this increased electrode force, higher welding currents 
are needed to give the same heating and equal weld 
sizes. From Fig. 6 it may be seen that a high normal 
tension strength was otained even at 10,900 amp. These 
welds did not have any fused zones but were only pres- 
sure welds. Using welding currents of 12,500 and 14,100 
amp, welds with fused zones of 0.22- and 0.34-in. diam- 
eter were obtained which had somewhat greater strength. 
The normal tension and shear strengths of welds having 
fused zones of 0.32 to 0.34 in. were approximately the 
same for both high and low projections and the consist- 
ency was very similar. However, due to the fact that 
good normal tension strength was obtained even for a 
weld with no fused zone with the higher projection, the 
use of this latter projection provides more variation in 
welding current without great loss in strength. The 
desirability: of the higher projection is shown also in Fig. 
7 in which the ratio of the normal tension to shear 
strength is plotted for the two projections. 


A photograph of one of the welds which had a plug ~ 


failure even though no fusion occurred, is shown in Fig. 
8. Close examination shows that welding is primarily 
around the edge of the contacting surfaces with a region 
in the center in which there is little if any weldjng. The 
center of the projection tends to be forced down into the 
recessed region from which it was punched leaving an 
annular ring over which the pressure is greater and which 
welds better. Since the stress in the normal tension test 
is concentrated at the weld periphery, this defect will not 
affect the normal tension strength. This nonfusion weld 
condition as illustrated in Fig. 8 is not desirable since if 
the current is accidentally decreased there will be no 
weld at all formed. This lack of dependability and the 
sensitivity to minor current changes would be a major 
drawback in using this type of weld. However, the fact 
that good strengths may be obtained even if the welding 
current drops down below the range in which fusion oc- 
curs, is a great advantage for the higher projections. 
The fact that plug failure in the nonfusion state is ob- 
tained only for higher projections is in agreement with 
the belief that, in general, satisfactory pressure welding 
results only after considerable mechanical upset has 
taken place. 
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Fig. 8—Photomacrograph Showing Plug- Failure Ob. 
tained Without a Fused Zone. Ox 


Another major advantage for the higher projections js 
that in an industrial situation where there may be an 
unevenness or distortion of the sheets or parts to be 
welded, there is a better chance for welding of all the pro- 
jections than would be the case for lower height pro- 
jections. The higher projections have to collapse fur- 
ther, giving more opportunity for the projections on a de- 
pressed portion of the sheet to come into contact with the 
other sheet. 

It was observed that when a high projection height is 
used, some of the material composing the projection is 
squeezed out around the edge of the weld, forming an ex- 
truded collar. Close examination of Fig. 3 (a) reveals 
the formation of this collar as the projection collapses. 
This extruded collar is readily apparent in Fig. 9(a 
which is a photograph of normal tension failure of a weld 
made using a 0.30-in. diameter projection with a 0.055-in. 
height. In testing, the collar has been partially raised 
which makes it easier to see. Figure 9 (b) shows a simi- 
lar weld made using a projection of the same diameter 
but with a height of 0.027 in. In this case there is no ex- 
truded collar. This behavior was noted with other dia- 
meter projections when comparing different heights. 
Projection Diameter 

The diameter of the projection was not found to be a 
very critical variable in the 0.125-in. thickness material. 
Welds were made using projection diameters of ().20, 
0.30, 0.40 and 0.50in. The welds made with the 0.20-in. 
diameter projection, using a 0.035-in. height, were rather 
inconsistent in both shear and normal tension strengths. 
No symmetrical fused zones were obtained, although at 
higher welding currents there was some molten metal vis- 
ible between the sheets. For these reasons it would not 
be considered advisable to use projections of such a small 
diameter. 

Consistently strong welds were made using projection 
diameters of 0.30, 0.40 and 0.50 in. It was found that to 
get consistency and high normal tension stength when 
using the larger projection diameters, it was necessary (0 
form a comparatively large weld. Therefore, it is not 
practicable to make small diameter welds using a large 
projection. The diameter of the fused zone should be at 
least equal to the diameter of the projection in this thick- 
ness. With the smaller diameter projections, e.g., the 
0.30-in. diameter, if the electrode force is sufficient to pre- 
vent expulsion, it is possible to make consistent welds 
having diameters larger than this value. For example, 
in the 0.125-in. 1010 steel, using an electrode force 0! 
2000 Ib., consistent welds with fused zone diameters up 
0.40 in. were obtained. For this reason a projection dia- 
meter of 0.30 in. would be recommended for general use. 
If very large welds with a fused zone diameter of 0.90 1. 
were desired, a projection of 0.40-in. diameter could be 
used. 
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ig. 9 (a)—Ph aph ot a Weld Plug Sh the Extruded 
9 High Projen 


acteristic of a High Projection 


Fig. 9 (b)—-Photograph of a Weld Plug Showing No Collar, 
Characteristic of a Low Projection 


Welding of 0.062-In. A.1.S.I. 1010 Steel 


The projection welding of the 0.062-in. material was 
found to be more critical than the welding of the 0.125-in. 
gage. This is true partly because the tendency for pre- 
mature projection collapse is greater in the thinner ma- 
terial, because the problem of die alignment is more 
serious, and because the shorter times involved necessi- 
tate faster electrode follow-up. Projection diameters of 
0.14, 0.17 and 0.20 in. with varying heights were used for 
welding this material. Although welds could be made 
using all of these projection diameters, the 0.17-in. 
projection diameter gave the best consistency. How- 
ever, within this range, the diameter is not especially 
critical. The relation between projection height and 
type of failures observed in the 0.125-in A.I.S.I. 1010 
steel was found to be true also for the 0.062-in. thickness. 
A projection height of 0.021 in. provided welds of fairly 
good consistency, but plug-type failures in normal ten- 
sion were secured only with welds having fused zones. 
Using a 0.042-in. projection height, plug-type failures 
Were produced even without a fused zone, resulting in 
good weld strengths over a wider range of welding cur- 
rents. The ratio of the normal tension to shear strength 
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for the welds obtained using these two different height 
projections is shown in Fig. 10. The welds made at the 
highest welding current in each case had a 0.19-in. diam- 
eter fused zone. Using the higher projections, good 
welds were obtained at currents much lower than this opti- 
mum value. With the lower projection, normal tension 
strength of the welds dropped sharply at lower currents. 
Weld times of 5, 10 20 and 40 cycles were investigated. 
The 5-cycle weld time proved entirely unsatisfactory. 
The high welding current necessary with this short time 
tended to give considerable initial flashing and irregular 
projection collapse. With such a short welding time, 
difficulty was experienced in getting weld-fused zones of 
sufficient and consistent size. A weld time of 10 cycles 
was more satisfactory than 5 cycles but it also resulted in 
somewhat critical conditions. By increasing the time to 
20 cycles, better consistency was obtained. The change 
in weld-fused zone diameter with change in current was 
less with the 20-cycle weld time, making the control of 
welding current less critical. No advantage was found 


in lengthening the time to 40 cycles. 


An electrode force of 750 Ib. proved most satisfactory 
for the 0.17-in. diameter, 0.042-in. height projection. 
Lower electrode forces did not result in as consistent 
welds and soime porosity remained in the weld-fused 
zones. 

The normal tension and shear strengths, and the ratio 
of normal tension to shear strength for welds in the 
0.062-in. 1010 steel are plotted as a function of the weld- 
ing current in Fig. 11. Welding was done using a weld 
time of 20 cycles, an electrode force of 750 Ib. and a pro- 
jection of 0.17-in. diameter and 0.042-in. height. The 
first three points correspond to welds without any fused 
zone. Welds represented by the fourth point had a 
fused zone diameter of about 0.15 in. and the fused zone 
of welds at the last point was about 0.19 in. in diameter. 

It can be seen that good strength may be obtained over 
a wide range of welding currents. The ratio of normal 
tension to shear strength is fairly constant over most of the 
range. This ratio reached a maximum of only 55% 
which is considerably lower than the maximum of 80% 
obtained for the 0.125-in. 1010 steel. Probably the 
faster cooling rates and accompanying greater brittleness 
associated with the thinner material is partly responsible 
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Fig. 10—Ratio of the Normal Tension Strength to Shear te 
for Different Height Projections in the 0.062-In. A.LS.I. 1010 
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for this difference in the ratio. Since the normal tension 
strength is much more sensitive to any increased brittle- 
ness than is the shear strength, the ratio would tend to be 
‘lower for the thinner material. 

In the 0.062-in. material, welds having fused zone di- 
ameters much greater than the diameter of the projec- 
tion, tend to be somewhat erratic. The growth of the 
melted area was not always symmetrical with respect to 
the projection and there was some tendency for surface 
melting on the rear of the coined piece. Therefore weld- 
ing conditions were chosen that gave a fused zone di- 
ameter of about 0.19 in. 


Welding of A.I.S.I. 1015 and 1020 Steels 


(a) 0.125-In. Thickness 
In welding the 0.125-in. A.I.S.I. 1015 and 1020 steels, 
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Fig. 11—Shear Strength, Normal Tension Strength and the 
Ratio of Normal Tension to — Strengths for 0.062-In. 1010 
tee 


steels was only about one-third of the values obtained for 
the 1010 steels. Failures in the normal tension tests for 
welds in 1015 and 1020 took place by tearing through the 
weld; no plug failures were obtained. It is interesting to 
note that with all the steels the ratio of normal tension 
to shear strength, after an initial rise, decreases as the 
weld diameter is increased. This is true because in the 
shear test the whole weld is stressed more evenly than 
in the normal tension tests, where the stress concentra- 
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Fig. 12—Normal Tension and Shear Stre for A.1.S.I. 1010, 
1015 and 1020 Steels in the 0.125-In. Thickness 


best results were obtained using a 
projection of 0.30-in. diameter and 
0.055-in. height. An electrode force 
of 2000 Ib. and a weld time of 45 " 
cycles were also employed as with 
the 1010 steel. Normal tension and 


400}-~- 


shear strengths for welds in all three — 


steels are plotted in Fig. 12. Welds 
represented by the first point on the 
curve had no fused zones. Fused 
zone diameters for the remaining four 
points were approximately 0.32, 0.37, 
0.44 and 0.48 in. for the 1015 and & 
1020 steels. This was about 0.02 in. oe 
greater than the weld diameter for 
the 1010 steel under the same con- 
ditions. The shear strength for both -——+— 
the 1015 and 1020 steels was greater eae 
than for the 1010 steel. However, 

the normal tensign strength was con- 
siderably lower for both the higher- 
carbon steels. The contrast is es- bd 
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pecially striking in comparing the ae 
ratio of the normal tension and shear 
strengths for the three steels. The 
ratio.for welds in the 1015 and 1020 
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Fig. 13—Hardness Surveys for Welds in 0.125-In. A.1.S.I. 1010, 1015 and 1020 Steels 


DECEMBER 


tion 
Since 


ducti 
tensic 
time 
Howe 
was f 


with 


STRENGTH 
ro 


WELD 


the 
early 
n 
ecre 
Ha 
surfas 
the st 

3 
ing ¢ 
hy 
1010 
ind 
The 
in F 
weld: 
5000 6000 7000 8000 
| 
| 
| | 
| 
10:0 
0.75 
| 
Fi 


r tion is greater at the periphery. oak 
the circumference increases only lin- | : 
1 early with the diameter, the ratio of 600} | . 
E the normal tension to shear strengh | 
e decreases for large-diameter welds. 
n Hardness surveys made across the 
‘ surface of sectioned welds just below =z 
the sheet interface are plotted in Fig. > » bos 
13. The hardness level of welds in 
the 1015 and 1020 steels is much @ Ss 
higher than for the 1010 steel. This § 
increased hardness and accompany- §& eae 
ing brittleness are reflected in the low 
normal tension strength. 200 Bar, 
In an attempt to obtain more ie 
ductile welds and a higher normal a 
tension strength, a 120-cycle weld E a ‘2 
time was tried for the 1020 steel. 
However, no improvement | | | 
was found in the normal tension test ee oe i oe 
with this longer time. 0,0! 0,02 Q03 0,04 
DISTANCE ACROSS WELD - INCHES ee 
(b) 0.062-In. Thickness 
Fig. 15—-Hardness Surveys for Welds in 0.062-In. Steels ae 
The same projection size and weld- $. 
ing conditions used for the 0.062-in. Zi 
1010 steel were found desirable for welding the 1015 tained for the same size welds in the 1010 steel. Welds in x 
and 1020 steels in the same thickness. These welds the 1020 steel were still higher in shear strength. How- y 
were made using a projection diameter of 0.17 in. ever, the normal tension strength of welds in both the i, 
and a height of 0.042in, with an electrode force of 750 Ib. 1015 and 1020 steels was only about one-half the value af 
The normal tension and shear strengths for all these obtained for the 1010 steel. In the 1010 steel, plug-type ie 
steels are plotted as a function of the welding current failures were obtained in the normal tension test for all 
in Fig. 14. It can be seen that the shear strength of except the welds made at the very lowest welding cur- ; 
welds made in the 1015 steel was higher than that ob- rent. The welds represented by the second two points 
had plug-type failures even though no fused zone was 
obtained. In the case of the 1015 and 1020 steels, no 
plug-type failures were obtained. 
a Hardness surveys of welds in these steels are plotted 
gee in Fig. 15. The average hardness level for the 1010 steel 
' erin if Be was about 225 Vickers, for the 1015 steel about 375 and y 
| for the 1020 steel 475. The normal tension strength is 
CoMe ee Meuse an indication of the ductility of a weld. Therefore the 
t [<< 1s normal tension strengths of welds in the 1015 and 1020 
a ee Ped steels would be expected to be lower than those in the 
sood HEIGHT, IN. © 0.042 | 1010 steel. However, one would expect a greater differ- fs 
ELECTRODE FORCE, LOS + 780 | ence between the normal tension strength of welds in 
‘ in the 1015 and 1020 steels, considering the difference in 6: 
2 -— hardness levels. This is possibly due to the fact that ¥ 
the increase in hardness in going from the 1010 to the > io 
1015 steel was sufficient cause type failure 
change from a plug to a brittle tear failure through the 
2 2000 aa in hardness, as is true 
& from the 1015 to 1020 steel, would have less effect on the 
e normal tension strength since brittle tear failure through 
‘ the weld occurs in both cases. 
; One phase of the project was concerned with the rel- 
ative welding characteristics of an aluminum-killed steel 
1000) compared to a rimming steel of the same carbon con- 
tent. Analuminum-killed A.I.S.I. 1015 steel was welded 
at the same conditions as the A.I.S.I. 1015 rimming 
steel. The results of the welds in the aluminum-killed . 
steel are also plotted in Fig. 14. Welds in the killed steel NS 
had a normal tension strength about 10% above the nor- Fi 
mal tension strength of the welds in the rimming steel. 
The shear strength for welds in the killed steel was about 
. WELDING CURRENT - AMPS, 17% above that of the welds made in the rimming steel. 
This difference in strength was probably due to the exist- 
Fig. 14—Normal Tension and Shear Strengths for 0.062-In. ence in the rimming steel of the weak, low-carbon sur- 4 
A.LS.I. 1010, 1015 and 1020 Steels face layer, characteristic of this type of material. n 
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(b) */,-In. spacing 


(c) '/,-In. spacing 


Fig. 16—Photomacrographs Showing the Effect of Projection Spacing on Double Welds. 3'/,x 


Multiple Welds 


The correct welding current and electrode force for 
making two or more projection welds simultaneously 
may be obtained by mukiplying the single weld values by 
the number of projections to be welded. 

Specimens were made using two, three and four pro- 
jections. Using projections with a diameter of 0.3 in. 
for the 0.125-in. thickness steel the effect of projection 
height on weld diameter consistency for multiple welds 
was studied. In this thickness, the projection height 
was not found to be very critical. Reasonably good con- 
sistency was obtained for projection heights varying from 
0.020 to 0.065 in. However, it was necessary that the 
heights of all the projections for a given weld be equal 
within reasonably close tolerances. This is especially 
true in the case of four or more welds. 

In making multiple welds in the 0.062-in. A.I.S.I. 1010 
steel, the effect of projection height was more critical. 
It was possible to make single welds using a 0.17-in. dia- 
meter projection with a height as low as 0.008 in., but 
very poor consistency resulted when multiple welds were 
attempted utilizing the same projection. Much better 
consistency was obtained with projections of the same 
diameter but with heights of 0.021 and 0.042 in. 


Minimum Spacing 


Welds were made at various distances apart to study 
the effect of spotspacing. Figure 16 showsa cross section 
of welds made in 0.125-in. 1010 steel using a projection of 
0.30-in. diameter and a height of 0.027 in. and welding 
conditions that produce a weld-fused zone of 0.30 in. 
The distances between the center of the two projections 
was 1, */,and '/2in., respectively, for (a), (b),and (c). The 
tendency for the welds to be drawn toward one another 
is evident from comparison of the series of photographs. 
The displacement of each weld from its centered position is 
about 0.07 in. in the case of the welds made at 1-in. sepa- 
ration and is about 0.11 in. for the welds with a */,-in. 
projection separation. The welds merge to form one 
large fused zone when the distance between the projec- 
tions is reduced to '/, in. A similar behavior was ob- 
served when using a higher projection height. It is ap- 
parent that in the 0.125-in. thickness, the minimum sep- 
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aration between projection centers should be about 
21/, times the diameter of the weld-fused zone to prevent 


the welds from merging. 


In the 0.062-in. material a 


similar situation was found to exist and the same mini- 
mum spacing of 2'/, times the weld-fused zone should be 


observed in welding this gage. 
Weld Strengths 


A comparison of single- and multiple-weld strengths 


is given in Table 2. 


It can be seen that the strength of a 


multiple-weld specimen is not directly proportional to 


Table 2—Comparison of Single- and Double-Weld Strengths 


(A) 0.125-In. A.I.S.1. 1010 Steel 
Projection: Diameter, in. = 0.30 
Height, m. = 0.027 


Double 
Weld 
Single (1-In. 
Weld Spacing) 
Normal tension, Ib. 4460 5420 
Shear, Ib. 5420 R820* 
* Transverse to direction of loading. 
(B) 0.062-In. A.I.S.I. 1010 Steel 
Projection: Diameter, in. = 0.17 
Height, in. = 0.021 
. Double 
Weld 
Single (3/,-In. 
Weld Spacing) 
Normal tension, Ib. 1050 1325 
Shear, Ib. 1850 2820 
Ratio of 
Three-Weld 
to Single- 
Three Weld Four 
Welds Strength Welds 
Shear strength, Ib. 3540 1.9 5685 


Ratio of 
Double- to 
Single-Weld 
Strength 
1.21 
1.63 


Ratio of 
Double- to 
Single-Weld 
Strength 
1.26 
1.53 
Ratio of 
Four-Weld 
to Single- 
Weld 
Strength 
3.07 


Note: Double shear specimens orientated transversely to di- 
rection of loading. In the three spot specimens the three welds 
were placed at the corners of an equilateral triangle with its base 


transverse to the specimen axis. 


The welds of the four spot spec!- 


mens were spaced at the corners of a square whose sides were par 


allel to the specimen edges. 
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the single-weld strength. This is 
especially true for the normal ten- 
sion test. With the 0.125-in. 1010 
steel the shear strength of two welds 
spaced 1 in. apart, transverse to 
the direction of loading, was only 
1.6 instead of 2 times the value for 
a single weld. In normal tension 
this decrease was even greater, being 
only 1.2 times the  single-weld 
strength. Shear specimens in the 
0.125-in. gage with more than two 
welds failed in the plate, so no 
comparisons could be made. 

In the 0.062-in. material the value 
of a double weld in shear was only 
1.53 times the value for a single 
weld, and in normal tension the 
double-weld strength was only 1.26 
times the single-weld strength. 
Three and four spot shear speci- 
mens gave shear strength values of 
1.9 and 3.07 times the single-weld 
strength, respectively. 

The decrease in expected weld 
strength is due to the state of stress 
existing in the specimen. This is 
partially shown by the variation in 
strength with the weld spacing, as 
can be seen in Table 3. As the weld spacing is de- 
creased there is a definite decrease in strength. This is 
true for normal tension and shear strength. If welds 
were subjected to twisting loads this effect would un- 
doubtedly be even more pronounced. 

In order to investigate the effect of the orientation of 
the welds with respect to the direction of loading, two 
sets of double shear specimens were used. In one set the 
two welds were arranged parallel to the axis of the speci- 
men; in the other they were arranged transversely to the 
specimen axis. Figure 1 illustrates the test specimens; 
the test results are givenin Table 3. The shear strength 


Table 3—Double-Weld Strength as a Function of Weld 
Spacing 


(A) 0.125-In. A.I.S.I. 1010 


Normal 
Projection Shear Tension 
Spacing, Strength, * Strength, 
In. Lb. Lb. 
1'/, 8900 5900 
1 8820 5420 
8260 5220 
‘B) 0.062-In. A.I.S.I. 1010 
Projection Shear 
Spacing, In. Strength, * Lb. 
3080 
1 2970 
2870 
2750 


* Transverse to direction of loading. 
Effect of Direction of Loading on Double-Weld Shear Strength 


- Material: A.I.S.I. 1010 
Weld Spacing = */, in. 


Shear Strength Shear Strength 
of Welds of Welds 
Transverse Parallel Ratio of 
to Direction to Direction Parallel 
Thickness, of Loading, of Loading, to 
In. Lb. Lb. Transverse 

0.062 2870 3145 1.09 
0.125 8260 8500 1.03 


PROJECTION WELDING 


Fig. 17—-Photograph of Electrode-Travel Gage in Position on Welder 


for the welds arranged parallel to the direction of loading 
was a little higher than the value obtained for the welds 
arranged transversely to the direction of loading. This 
is probably caused by the fact that there is less bending of 
the specimens and therefore less tension component on the 
welds in the case of the longitudinal orientation. The 
difference was only 3% for the 0.125-in. material but 
was 9% for the 0.062-gage. This difference is prob- 
ably due to the fact that the thicker material is stiffer 
and less bending occurs even in the transverse specimen 
than is the case in the thinner gage material. 


Electrode-Travel Gage 


In order to measure the speed of projection collapse, an 
electrode-travel gage was developed. This was attached 
to the welding electrode as shown in Fig. 17. It con- 
sisted basically of two cantilever arms made of '/s-in. 
Inconel, screwed to a brass base. Bakelite blocks were 
attached to the ends of these arms to serve both as insu- 
lators and bearing surfaces. They rested in cylindrical 
grooves in a pair of brass collars one of which slipped over 
each of the welding electrodes, being held in position by 
set screws. When the projection collapsed, the electrodes 
came closer together, deflecting the ends of the travel- 
gage arms toward one another. Type A-5 SR-4 electric 
resistance strain gages were mounted on the upper and 
lower surfaces of both arms of the travel gage near the 
point where the arms were attached to the base of the 
gage. When the ends of the travel gage were compressed, 
the strain gages on the outer suirfaces were put in tension, 
while the gages on the inner surfaces were put in compres- 
sion. The four strain gages were connected to form the 
arms of a Wheatstone bridge. A 5000-cycle voltage was 
applied to the bridgecircuitandtheoutput from the bridge 
wasamplified,rectified and recorded on an electromagnetic 
oscillograph. In use, the gage was first partially com- 
pressed to hold it firmly in place. The circuit was then 
balanced to give a zero reading in this position. Further 
deflection during projection collapse would unbalance the 
circuit. The unbalance would be recorded on the os- 
cillograph trace. The amount of strain was directly pro- 
portional to, and thus a measure of, the amount of move- 
ment of the electrodes. 
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Fig. 18—Oscillograph Record of Projection Collapse 

A typical oscillogram showing the movement of the 
electrodes during welding is shown in Fig. 18. The 
straight line portion of the electrode-position trace repre- 
sents the position of the electrode just prior to welding. 
No attempt was made to use the travel gage to meas- 
ure the amount of cold collapse occurring, since the gage 
was not placed into the holders until the welding head 
was lowered onto the work. The oscillogram of Fig. 18 
is for a weld made in 0.062-in. 1010 steel using a pro- 
jection of 0.17-in. diameter and 0.042-in. height. A 60- 
cycle timing trace and a record of the welding current 
are included on the oscillogram. , 

It can be seen that the great majority of projection col- 
lapse took place in the first few cycles of current flow. 
Approximately 80% of the collapse occurred in the first 3 
evcles or 15% of the total welding time. By the end of 
10 cycles the collapse was virtually completed. At this 
point the thermal expansion of the heated steel caused 
the electrodes to reverse their direction of motion. As 
soon as the current ceased to flow; cooling began, accom- 
panied by thermal contraction. 

The speed of projection collapse was found to be pri- 
marily dependent on the power level of the welding cur- 
rent. A very low current gave a very gradual collapse, 
extending over the whole welding time. With such a low 
current little if any welding occurs. A current that pro- 
duces an adequate weld causes very rapid projection col- 
lapse. For example, using an electrode force of 1500 Ib. 
and a projection of 0.30-in. diameter and 0.055-in. height, 
in welding 0.125-in. 1010 steel, conditions were set to give 
a fused zone diameter of 0.33-in. in a 45scycle weld time. 
Under these conditions 75% of projection collapse oc- 
curred in 10% of the total weld time. At a slightly lower 
weld current which resulted in a fused zone of only 0.22 in. 
it took twice as long or 20% of the weld time to obtain 
75% collapse. Lower projections collapsed at approxi- 
mately the same percentage rate as the higher ones. In- 
creasing the electrode force increased slightly the speed 
of projection collapse, if the current was raised to com- 
pensate for the decrease in resistance. However, the 
effect of electrode force on speed of projection collapse 
was much less than the effect of welding current. The 
collapse is primarily controlled by the temperature of the 
projection. 


Minimum Edge Distance 


Some study was made of the effect of minimum edge 
distances on the formation of the weld. It was found 


that when the distance from the center of the projection 
to the sheet edge was less than twice the diameter of the 
projection, considerable inconsistency occurred. The pro. 
jection did not collapse evenly and the fused zone tended 
to be displaced away from the edge of the sheet. With 
smaller edge distances, the diameter of the resulting fused 


zone was rather inconsistent and tended to be unsym. 
metrical. 


Sheet Separation 


As has previously been shown, the metal forming the 
projection is forced back into the region from which it 
was punched. For this reason there is no problem with 
sheet separation. In all the welds which were made at 
or near recommended conditions there was no measur- 
able sheet Separation. 


Recommended Welding Conditions 


Recommended conditions for welding A.I.S.I. 1010, 
1015 and 1020 steels in the 0.062- and 0.125-in. thick- 
nesses are listed in Table 4. If much larger size welds 
are necessary the projection diameter may be increased 
over these values. The same welding conditions may be 
used for welding all three steels. These comditions were 
obtained with Mallory Elkonite 20W3 electrodes. No 
appreciable difference was observed in using Elkonite 
10W3 and Elkonite 20W3 electrodes. Weld stengths ob- 
tained using the conditions listed in Table 4 are given in 
Table 5. 


Table 5—Weld Strengths Obtained Using Welding Condi- 


tions Listed in Table 4 

Ratio of 

Normal Normal 

Tension Shear Tension 

Thickness, Strength, Strength, to Shear, 

Material In. Lb. Lb. % 

1010 0.062 1010 2090 48.3 
1015 0.062 475 2300 20.7 
1015* 0.062 550 2708 20.4 
1020 0.062 425 2850 14.9 
1010 0.125 4675 6060 77.2 
1015 0.125 2100 8175 25.7 
1020 0.125 2000 7825 25.6 


* Aluminum killed. All other material was rimming steel. 


Conclusions 


1. Welds utilizing projection heights of 20-25% of the 
projection diameter gave good strengths over a greater 
range of welding conditions than were obtained with pro- 
jection heights of the order of 10% of the diameter. 
Plug-type failures without a fused zone were obtaived 
only with the higher projections. 

2. The diameter of the projection was not found very 
critical within a fairly wide range of values. However, 4 


Table 4—Recommended Conditions for Projection Welding A.1I.S.I. 1010, 1015 and 1020 Steels 


Approx. 
Projection——— Punch* Electrode Weld Welding Diameter 
Thickness, Diam., Height, Diam., Height, Force, Time, Current, of Fused 
In. In. In. In. In. Lb. Cycles Amp. Zone, In. 
0.062 0.17 0.042 0.094 0.045 750 20 8,650 0.19 
0.125 0.30 0.055 0.176 0.058 2000 45 14,700 0.34 


* The diameter of the punch is the diameter of the top of the punch, as shown in Fig. 2. A punch angle a = 30° was used. 


722-3 


WELDING RESEARCH SUPPLEMENT 


diame 
0.17 
ed for 
3. 
norm: 
strens 
stren} 
tensi¢ 
distal 
stren| 
welds 
slight 
trans 
4. 
tion ¢ 


weldi 


least 
vent 


was 
| 
Ag 
he 
4 take 
occt 
A 
pee Int 
ind: 
ind 
the 
of 
an 
wel 
tor 
at 
ab 
ll 
ER 


diameter of 0.30 in. for 0.125-in. thickness material and 
0.17 in. for 0.062-in. thickness material were recommend- 
ed for general use. 

3. Multiple projection welds did not have shear or 
normal tension strengths proportional to single-weld 
strengths. Double welds had only 150-165% of the 
strength of single welds in shear and 115-130% in normal 
tension, depending on spacing and orientation. As the 
distance between welds was decreased, the double-weld 
strength decreased. Double shear specimens with the 
welds orientated parallel to the direction of loading had 
slightly higher strengths than specimens with the welds 
transverse to the direction of loading. 

4. With optimum welding conditions the major por- 
tion of projection collapse occurred in the first 15% of the 
welding period. Fusion started after projection collapse 
was practically complete. 

5. It was found that projections must be spaced at 
least 2'/, times the diameter of the fused zone to pre- 
vent them from merging. 


6. Projection welds in the A.I.S.I. 1015 and 1020 

steels, in both the 0.062- and 0.125-in. thickness had shear 
strengths greater than the values obtained for welds in 
1010 steel but much lower normal tension strength than 
corresponding welds in the lower-carbon steel. The lower 
normal tension strength was due to hardening of the 
higher-carbon steels. 
7. Welds made in an aluminum-killed A.I.S.1. 1015 
steel in the 0.062-in. thickness showed greater shear and 
normal tension strengths than similar welds in a A.I.S.1. 
1015 rimming steel. 
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Determination of Physical Chemical 


Factors in Stress Corrosion Cracking 


cracking of boiler plate steel was undertaken in 
1945 for the University Research Committee of 
the Welding Research Council by the Corrosion Re- 
search Laboratory of Illinois Institute of Technology. 
The following relates the progress and the steps being 
taken toward an understanding of the processes which 
occur and their relation to welding. 

A theory of stress corrosion was developed and verified 
in this laboratory which has application to other alloys.' 
In mild steel, stress corrosion cracking has been shown to 
be caused by nitrogen dissolved in the steel and by the 
indirect effects of several other elements. A certain com- 
bination of these together with high stresses results in 
the precipitation of iron nitride (Fe,N) and the formation 
of a galvanic couple at the apex of the crack. This an- 
odie nitride dissolves, thus furthering the crack. From 
an understanding of the mechanism, crucial experiments 
and protective treatments were designed and the success 
of both of these has verified the theory. Experiments on 
welded specimens indicated that nitrogen pick-up from 
the welding atmosphere increases susceptibility to crack- 
ing. 

New equipment has been constructed in this labora- 
tory which permits an improved control of the variables, 
rapid testing, automatic records, extrapolation of the 
data to higher temperature and evaluation of the effect 
of protective treatments on welded samples. Consider- 
able effort was made to secure suitable wire samples that 


: FUNDAMENTAL study of the stress corrosion 
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had a specified analysis and had been given specified heat 
treatments for use with the new test procedure. Through 
the cooperation of the Wire and Wire Products Assoc. 
numerous contacts were made with manufacturers, and 
of those which responded the Page Steel and Wire Divi- 
sion of American Chain and Cable Co., Inc., was able to 
meet more of our requirements than any other. This 
company has heat treated, hydrogen annealed, welded, 
etc., a variety of heats and has determined their chemical 
and physical characteristics. 


Statement of Theory 


The theory developed in this laboratory states that 
the rate and direction of growth of the crack depends on 
the localized electrochemical condition induced by me- 
chanical forces, After a minute crack has formed, at a 
grain boundary or along a slip plane, the stresses at the 
apex of the crack, due to stress concentration, accelerate 
the precipitation of supersaturated solid phase. Then the 
corroding solution dissolves the more anodic of the two 
product phases, resulting in cracks of a predominately 
intercrystalline character. The precipitation and, there- 
fore, the formation of a corrosion couple are accelerated 
by applied stress. 

The correlations between the cracking time, the extent 
of aging and “‘free’’ nitrogen imply that a steel can be 
made only relatively more, but not completely, resistant 
to stress corrosion cracking. The conditions under which 
cracking occurs do not differ in principle from those 
necessary to produce caustic embrittlement. Probably 
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the most significant contribution resulting from the 
study is the demonstration in this laboratory that the 
removal and reintroduction of nitrogen, respectively elim- 
inates and restores the cracking tendency in mild steel. 

The program of testing specimens which had been 
welded while in intimate contact with nitrogen gas, pre- 
viously reported,' has been continued. Two sets of spe- 
cumens, butt welded while a stream of nitrogen gas was 
blown into the arc and cooled in a nitrogen atmosphere, 
developed cracks in the weld. Those annealed in wet 
hydrogen after the nitrogen addition during welding, did 
not develop any cracks in 7000 hr. These facts substan- 
tiate the current theory. 


New Test Procedure 


During the past few months, a new test procedure has 
been evolved. A wire specimen is maintained under 
constant uniform load, in contrast to the constant deflec- 
tion type of test previously used. A wire inherently per- 
mits rapid heat treatment in various atmospheres and, 
consequently, permits rapid removal and reintroduction 
of nitrogen. The stresses are accurately known because 
of the self-aligning feature incorporated into the loading 
device. The corroding solution through which the wire 
passes is surrounded by a jacket. Constant temperature 
is maintained by pumping hot diethylene glycol through 
the jacket, the temperature being pre-set and regulated 
by the thermoregulator circuit. The time of failure of 
pig is recorded automatically when the loading arm 

Certain features of this equipment adapt it to the se- 
curing of chemical kinetic data: the controlled con- 
stancy of the temperature and of the stress, the automa- 
tic recording device, etc. Such kinetic data have a two- 
fold value. First, they lead to a better understanding of 
the actual conditions which cause stress corrosion and, 
secondly, they permit extrapolation to higher tempera- 
tures. Both of these advantages are of importance in 
applying the present theory to welding and boiler con- 
struction problems. 

The equipment also lends itself to the study of welded 
samples. Specimens at present are being prepared which 
have been resistance butt-welded. The welding opera- 
tion is being carried out in air and, in other cases, while 
the wire is encased in a titanium bearing flux. The latter 
may help to reduce the nitrogen content of the steel in 
the vicinity of the weld. Unfortunately, wire cannot 
easily be welded so as to have a large molten area or to 
increase the duration of contact between the molten 
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metal andthe flux. Both of these conditions are necessary 
for maximum and efficient removal of nitrogen. : 


Description of the Apparatus 


Previously, the work on the determination of stress 
corrosion cracking susceptibility of metals has in genera] 
involved the use of relatively large bar-type specimens 
and, consequently, considerable time has been required 
for testing programs designed to evaluate this factor. 

Smialowski’ has described an apparatus for stress cor- 
rosion cracking using wire specimens, but difficulty was 
encountered in its use as the wires were not immersed in 
the reaction mixture but merely washed by it. The ap- 
paratus used in his studies was rather fragile since the 
specimens passed through the side arms of a glass flask. 
The authors found that in using such an apparatus, the 
side arms usually broke at the time the wire under stress 
ruptured. The new apparatus was designed to overcome 
the major difficulties experienced in using the Smialowski 
setup. 

Figure 1 is a sketch of the new apparatus. The reac- 
tion medium which is contained in the inner jacket of the 
reaction vessel is heated by means of a liquid which is 
pumped from a constant temperature bath through the 
external jacket of the vessel. The reaction vessel is 
equipped with a side arm through which a calomel half- 
cell may be introduced for potential measurements. It 
is also equipped with a water-cooled condenser which is of 
sufficient capacity to insure a constant composition of the 
corroding medium in the reaction vessel. 

The specimen is placed in the reaction vessel by remov- 
ing one of the rubber stoppers, threading the wire 
through the stoppers and capillary tubes, and attach- 
ing the pin vises to the ends of the specimen which extend 
beyond the tubes. A known stress is applied to the wire 
by means of the lever arm, which has one weight fixed in 
position and a second weight which is movable and is used 
for final adjustment of the applied stress. The lever arm 
can easily be adjusted to a horizontal position and the 
slack of the wire may be taken up by means of the wing 
nut on the shaft of the pin vise. After this adjustment, 
the ends of the tube are sealed with a suitable material 
such as paraffin wax or pliable cement. 

The cracking time for each specimen is measured by 
means of an electric clock wired in series with a normally 
closed microswitch which automatically breaks the cir- 
cuit when the specimen breaks and the lever arm falls. 
A second microswitch, similarly actuated, controls the 
heating and pumping circuits. 
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Fig. 1—Schematic Arrangement of Apparatus Used to Determine Physical Chemical Factors Important in 
Stress Corrosion Cracking 
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It has already been found that tests using wire speci- 
mens are of much shorter duration than those employing 
bar or C-clamp type. Apparatus of this type is quite 
versatile and may, with a few minor modifications such 
as replacing the stoppers and capillary tubes with me- 
tallic plates and rubber gaskets, be adapted to almost 
any size or type of specimens such as rod, bar or tube. 


Results 


Initial work employing the new test procedure and 
apparatus has been limited to a study of one heat of 
commercial mild steel wire. Chemical analysis of this 
wire was obtained from the Page Steel and Wire Divi- 
sion of American Chain and Cable Co., and is shown in 
Table 1. The specimens were loaded to 85 per cent of 
the yield point. 


specimens. In this series of tests, the composition of the 
solution used was as follows: 


Calcium nitrate, Ca(NOs3)2-4H20.... 
Ammonium nitrate, NH,NO; 
Water, H,O 


In each test, the wire was stressed at 40,000 psi. Sev- 
eral tests were run at each of four different temperatures 
and the time required for failure of each specimen was 
recorded. All samples were anodically accelerated using 
a current density of 0.055 amperes per square centi- 
meter of metal surface. The data obtained are shown in 
Table 2. 


Table 2 


Average Reciprocal 

Temp., 1/T X 103, Cracking Cracking 

“a Time, Hr. Time, Hr. 
40 
61 
75 
83 


Table 1—Analysis of Mild Steel Wire 


Sulphur. . . .0.026 
0.041 


Since stress corrosion cracking is normally associated 
with intercrystalline cracking, it was necessary first to 
determine the type of cracking predominant in speci- 
mens which had failed under test using the new test pro- 
cedure. Microscopic examination of several ruptured 
specimens revealed that the cracking was of the intercrys- 
talline type similar to that shown in Fig. 2. 

After establishing the fact that intercrystalline crack- 
ing was the cause of the failure of the specimens, a series 
of tests were run to determine the energy of activation of 
the stress corrosion of mild steel wire in standard mixed 
nitrate solution used in earlier work' on C-clamp type 


The log of the reciprocal of the cracking time was 


plotted against the reciprocal of Kelvin temperature, as 


shown in Fig. 3. From the slope of this plot, the energy 
of activation was calculated using the integrated form 
of the Arrhenius equation 
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Fig. 3—Graph Showing Plot Used to Determine Energy of 
Activation 
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reaction rate constant 
energy of activation 
gas constant 
temperature, ° K. 

= a constant 


The use of reciprocal cracking time in place of the re- 
action rate constant should be allowable since the faster 
the reaction the larger k will be, and the smaller will be 
the value for the cracking time. 

Using the experimental data obtained and the above 
equation, the energy of activation has been found to 
be 10,000 calories per mole. This value agrees quite well 
with the value of approximately 10,800 calories found by 
Rosbach, McDonald and Waber® in their study of the 
kinetics of the reaction between iron nitride and an acetic 
acid-sodium acetate buffer solution. 

The following are implied from the value obtained for 
the energy of activation: 

1. The reaction involved in stress corrosion cracking 
is probably of the diffusion type since the activation en- 
ergy is too low for the usual direct chemical attack type. 
It is significant that stress corrosion is not governed by 
the rate of arrival of iron nitride at the grain boundary. 
The energy of activation is 35,000 calories‘ for the diffu- 
sion of nitrogen through iron. It is possible that the ni- 
trogen is highly segregated prior to precipitation: 

2. Since the energies of activation found in the case 
of the nitrate solution and the buffered acetate solution 
are similar, it would seem that the type of solution used 
is secondary in character to the chemical composition 
of the steel itself. Apparently, the type of ions present 


does not completely govern the rate of the stress corro- 
sion reaction. 


ll 


Future Work 


Although the work reported in this paper is limited in 
it scope, it is hoped that, in the near future, the following 
physical chemical factors in stress corrosion cracking of 
mild steel will be evaluated: 

First, the energy of activation as found will be cor- 
rected with regard to the viscosity of the reaction mix- 
ture. The principle as outlined by Bowen and others® 
will be applied. The viscosity of the solution will be de- 
termined at each different temperature used in the ex- 
periment. From these data, the true energy of activation 
will be determined from the slope obtained by plotting 
the logarithm of the reciprocal of the product, ‘‘cracking 
time X viscosity,’’ against the reciprocal temperature 
measured in degrees Kelvin. 

An attempt will also be made to find the order of the re- 
action as determined by the various constituents of the re- 
action mixture and the specimen. If possible, the reac- 
tion between each individual constituent of the solution 
and the specimen will be studied, and the effect of con- 
centration of the salt on the cracking: time will be ob- 
served. Another approach will be to vary the concentra- 
tion of one particular salt in the entire reaction mixtyre 
and note the effect on the time required for cracking the 


specimen. The data to be used in studying these reja. 
tionships are still to be determined but, in all probability 
will be direct values of concentration as related to tim, 
required for cracking. 

An attempt will be made to determine the actual ions 
taking part in the reaction by using the salt effect metho 
as outlined by La Mer.* The concentration of the salts 
in the reaction mixture will be varied from a very dilute 
solution to a more concentrated solution, and the effect 


_on the cracking time will be recorded. From the slope 


obtained by plotting the logarithm of the reciprocal 
cracking time against the square root of the ionic 
strength, it is hoped that some knowledge of the ions 
taking part in the rate-determining step may be obtained. 

Another approach to be used in attempting to deter. 
mine the ions taking part in the rate-determining step will 
make use of the relationship between the dielectric con- 
stant of the reaction medium and the specific reaction 


rate constant for the reaction as described by Glasstone 
and others.’ 


From the equation 


din K. e’Z 
d(1/D) kTr 
where K. = specific reaction rate constant extrapo- 
lated to zero ionic strength 
= dielectric constant 
e = unit charge 


Za, Ze = charges carried by ions taking part in 
the rate-determining step 
k = Boltzmann constant per molecule 
T = temperature, ° K. 
r = radius of conducting sphere representing 
the ion on which the charge is assumed 
to be located 


it can be seen that the plot of In K. (in this case, recipro- 


cal cracking time) against the reciprocal of the dielectric 
constant should be linear with a slope of 


kTr 
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particularly by the use of the eccentric test, could be used 
as a valid indication of notch ductility? If this could be 
assumed, it would appear that further studies along these 
lines could be simplified in that it is easier to obtain 
notch strength than notch ductility. 
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Introduction 


PAPER given before THE AMERICAN WELDING 
Society by Messrs. Thomas and Campbell at 
the last annual meeting ably discussed the re- 
quirements for core wire analysis for the successful pro-. 
duction of an a.-c.-d.-c. titaniq-coated 25 chromium — 20 
nickel electrode. Their investigation represents a well- 
organized study of the effects of all of the major alloying 
elements on the properties of 25-20 weld metal as de- 
posited by a titania-coated a.-c.-d.-c. arc-welding elec- 
trode. Particular emphasis was laid on the effects of 
silicon, sulphur and phosphorus on the tensility, duc- 
tility and degree of fissuring of 25-20 weld metal as de- 
posited with an a.-c.-d.-c. titania-coated electrode. 
They concluded that rigid analysis specifications for 25- 
20 core wire, particularly with respect to silicon, sulphur 
and phosphorus would permit the use of almost all 25 
chromium — 20 nickel heats of core wire for the produc- 
tion of a.-c.-d.-c. electrodes. A limited amount of re- 
search with lime-coated 25-20 electrodes is reported to 
indicate that the lime coating tolerates larger core wire 
analysis variations than does the titania coating, par- 
ticularly with respect to sulphur, phosphorus and silicon. 
The data presented by Messrs. Thomas and Campbell 
were of particular interest to the authors, since they have 
been engaged in an investigation of inconsistent physical 
properties of 25-20 electrode deposits for the past few 
years. The majority of our work with 25 chromium — 20 
nickel electrodes is done with lime coatings of our own 
and other manufacture. In general, the most common 
defect we experience is a fine crack, frequently less than 
'/: in, in length, and most,frequently located in the weld 
craters. We have noted that the lime-coated 25-20 
electrodes are not nearly as subject to this type defect as 
are the corresponding titania types. 

For many years we attributed this type cracking to a 
possible hot short condition of 25% Cr-20% Ni alloys 
on cooling from the molten state. The welding proce- 
dure was adjusted to counteract this effect by procedures 
which specified low-current inputs and a string bead 
technique. By these means a certain amount of control 
was exercised in that the size of the crater was reduced to 
a minimum and crater-cracking difficulties were reduced. 
This method of assuring sound welds is by no means 
original with us, since most manufacturers of 25% Cr — 
20% Ni electrodes recommend current values 10-20% 
below those used for mild steel electrodes of the same 
diameter. Such a restriction in permissible current 
value greatly reduced the usability of these electrodes and 


* Presented at Twenty-Eighth Annual Meeting, A.W.S., Chicago, IIL, 
week of Oct. 19, 1947. 
t Works Control Laboratory, The Babcock & Wilcox Co., Barberton, Ohio. 
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Some Factors Controlling the Ductility 
of 25% Cr—20% Ni Weld Deposits 


By O. R. Carpenter and N. C. Jessent 


met with considerable opposition on the part of the 
welding operators. The possible effect of excessive 
current values on the physical properties of 25% Cr - 
20% Ni weld deposits was shown very clearly in a group 
of test welds made some time ago with */,.-in. diameter 
lime-coated 25% Cr-—20% Ni electrodes of good com- 
mercial quality.. Two test plates were welded in 310 
alloy plate at 150 amp. using d.-c. reverse polarity and a 
second set of two test plates were welded at 190 amp. 
d.-c. reverse polarity. In order to determine the effect of 
interpass temperature one set of plates was quenched in 
water after each pass and the other set of plates was 
welded without interpass temperature control. The 
maximum interpass temperature reached in the latter 
case was 500-600° F. Physical properties as determined 
on all-weld-metal 0.505 specimens machined from these 
test plates indicated that the high welding current input 
resulted in a drop in tensility of 15,500 psi. and a de- 
crease ih ductility of 24.5%. The results were not 
noticeably affected by the interpass temperature. The 
actual test data were as follows: 


150 Amp. 190 Amp. 
Ultimate strength, psi. 86,500 71,000 
Yield strength, psi. 49,000 48,000 
Reduction of area, % 44.6 25.1 
Elongation in 2 in., % 42 17.5 


The specimens welded at 150 amp. had sound weld 
metal whereas the 190-amp. specimens showed many 
flaws along the length of the 0.505 specimen. These 
flaws were thought to be hot tears. Unfortunately we 
no longer have records of the chemical analyses of these 
weld deposits to compare them with our later work. Ad- 
ditional experimental d&ta obtained since this test work 
have indicated a great deal of inconsistency in the results 
of 0.505 all-weld-metal specimens, particularly with re- 
spect to the elongation values. 

In many cases it appeared that the low ductilities ob- 
tained were associated with a low-carbon content (below 
0.12%) of the deposit. During our first efforts to provide 
a rigid control of 25-20 weld metal quality the 0.505 all- 
weld-metal specimen was chosen as the most searching 
test of weld metal quality. However, later production 
applications of electrodes which had passed satisfac- 
torily 0.505 all-weld-metal tension tests, were found to 
have many fine cracks in the weld deposit. This ex- 
perience led the authors to question the complete re- 
liability of only this test for determining the final per- 
formance of an electrode lot in production work. 

The face bend test was next investigated as a means of 
judging the quality of these weld deposits. Bend tests 
of welds made in '/,- to '/2-in. plates were made and were 
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found to be reliable in some cases. Some electrodes of 
borderline quality would successfully pass this test and 
yet fail in shop application. The thickening of weld bend 
tests to */, or 1 in., even when made with steel base 
material, did give good results in revealing the presence 
of small defects in the deposit. These defects were 
evidently the underlying difference between a borderline 
electrode and a satisfactory one. Our experience showed 
that when no defects were found on the face of this bend 
test, the rod would be satisfactory in production. 

The work of Thomas and Campbell on core wire re- 
quirements for a.-c.-d.-c. titania-coated electrodes fo- 
cused our attention on the core wire heats in our own 
stock. A thorough check of the analyses of some 15 
heats of core wire in our possession at that time revealed 
rather large variations in analyses beyond those Thomas 
and Campbell recommended in their work, particularly 
with respect to the silicon content. Our experience with 
some of these heats had indicated that adjustments in 
the coating constituency, particularly with respect to 
carbon, silicon and manganese would serve as a means of 
obtaining acceptable ductility in the all-weld-metal 
specimen. However, although the required physical 
tests could be met by this means the weld metal was by 
no means free from microdefects. Suitable coating ad- 
justments coupled with a carefully controlled welding 
technique did serve to produce welds of acceptable com- 
mercial quality. 


Purpose 


The purpose of this paper is to discuss 


1. The effect of varying amounts of carbon, man- 
ganese and silicon on the ductility of the weld de- 
posit as determined on different heats of core wire. 

2. The application of the data obtained to enable the 
specifying of core wire analysis which will produce 
a minimum of microdefects in deposited 25 Cr — 20 
Ni welds. 


As a result of this work we have eliminated certain un- 
satisfactory heats of core wire from our stock and have 
eliminated to a large extent the rigid restrictions on 
welding technique and current input in production weld- 
ing formerly required for satisfactory welds. 


‘technique. 


Procedure 


In order to assure uniform coating characteristics 
sample lots of all 15 heats of electrode core wire were 
coated at the same time. Since the previous experience 
had indicated the harmful effect of low-carbon contents 
of the deposit on the tensile ductility it was decided to 
prepare two lots of electrodes from each heat of core wire 
varying only in the carbon content of the deposit. In one 
series of electrodes (H series) carbon was added by 
substituting high-carbon for low-carbon ferromanganese 
in the coating. This resulted in a 5-10-point increase in 
carbon in the deposit. The other series (L series) con- 
tains no added carbon. Our standard lime coating to 
which some 4% titania is added was used in both in- 
stances. 

In order to accurately evaluate the physical properties 
of each weld deposit an all-weld-metal 0.505 specimen, a 
face bend specimen and a side bend specimen were pre- 
pared in every case. In several instances duplicate 
specimens were welded and tested to verify the results 
obtained. All welding was done at the current values 
indicated in the tables, using a short arc, string bead 
The interpass temperature was held at a 
maximum of 300° F. A deliberate effort was made to 
hold all welding conditions as nearly consistent as pos- 
sible. 

The all-weld-metal tension specimen was welded in 310 
alloy plate material. Results of the tension tests as well 
as a partial analysis of the weld deposit in each case are 
reported in Tables 2, 5 and 8. 

The face and side bend specimens were cut from test 
welds made between two pieces of */,-in. thick boiler 
plate (SA-212—-silicon-killed—70,000 psi. material). The 
steel plates were machined to provide a 90° V-groove and 
assembled with a steel back-up strip with sufficient root 
spacing to assure fusion against the strip. 

All face bend specimens were machined to about °/ ,-in 
thickness and prior to bending the machine tool marks 
were removed by grinding on a fine emery belt. The 
actual bend test was a free bend. The first defect that 
started to open during this test was noted and bending 
stopped to measure and record the elongation at this 
point. Bending was then continued to a full 180° bend or 
to failure of the specimen. 


Table 1—Chemical Analysis of Core Wire and Weld Deposit of Welds Made with '/,-In. Diam. Electrodes at 90 Amp. D.-C. 


Reverse Polarity 
CORE WIRE WELD DEPOSIT 

1.76 .46 26.23 21.83 .012 .016 21.73 “018. 2028 
1.41 25.73 20.91 .011 .023 2 2.682 me 
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The side bend specimens were in every case surface 
2—Ph 1 Pro -Me peci- : 
es ground to */s in. thickness. The grinding marks remain- 


Polarity ing after machine grinding were then carefully removed 
ee a: (ees lk by hand polishing on Nos. 1, 0 and 00 emery papers to 
sympoL__ PSI PSI SIN 2" AREA eliminate the cold-worked surface remaining after ma- 
AH «457,500 92, 500s“. chine grinding and remove all deep scratch marks that 
AL oe BZ 524000 83,500 405 -6 might affect the results of the test. All side bend speci- 
Bi +29 924500 1.5 7.0 mens were tested in a standard guided side bend jig. 
6 9-5 Bending was continued only to the first appearance of a 
cH +20 66 63-2 defect and the angle of bend and elongation in in. 
gage length were measured and recorded in the tables. 
DL 08 337300 80" 500 The chemical analysis of the weld metals was in all 
cases determined on the broken 0.505 test specimens. 
3:3 Core rod analysis reported in the tables the 
a oe Ce 2.3 analysis of the particular coil of wire used in the experi- 
FL a2 ®# 51,000 84, 000 36.0 A ment. 


Table 3—Face and Side Bend Specimens of Welds Made with '/,-In. Diam. Electrodes at 90 Amp. D.-C. Reverse Polarity 


FACE BENDS GUIDED SIDE BENDS 
% ELONG. NO. OF % ELONG. ANAL. OF 
AT FIRST DEFECTS AT 180° OR ANGLE % ELONG. DEPOSIT 
SYMBOL DEFECT NOTED AT FAILURE REMARKS OF BEND ad 
AH 9% 2 344 2 small defects 180° 28.2 -18 .80 
AL 104% 2 26% Failure - Opened up on 180° 31.2 14 .82 
er bending 
ay -- None 33% No visible defects 180° 28.2 
BL 11% Many 38% Failure - Due to line 125° 21.8 -10 .8%4 
of defects 
CH -- None 32% No visible cefects 180° 31.2 -20 .66 
CL Le Many 22% Failure 91° 18.6 10 .60 
DH -- None 324 No visible defects 180° 31.2 19 ef 
DL 10% 2 39% Small defects 180° 34.4 e ° 
EH -- 2 364 2 small defects 180° 28.2 23 «348 
EL % 1 26% 1 small defect 180° 37.6 15 446 
FH -- 1 41% 1 small defect 180° . 34.4 2 er) 
FL 10% 1 364 Small defects 131° 21.8 12) 49 
GH % 2 37% 1 small defect 180° 28.2 20 .81 
GL 7% 2 37% Fatlure - Many small 180° 28.2 10 .8 
efects 


Table 4—Chemical Analysis of Core Wire and Weld oe jhe r= Made with */,.-In. Diam. Electrodes at 150 Amp. D.-C. 
rse Polarity 


CORE WIRE WELD DEPOSIT 


JL 613 1647 1.43 24.82 19.79 .010 .019 .11 1.75 1.24 24.5% 19.29 .016 .020 
JH 17 1.73 1.18 24.5% 19.19 .015 .018 
KL 613-1622 1.16 24.15 20.91 .016 .022 .11 1.69 1.08 23.68 20.20 .023 .018 
KH 61 20.10 .022 .021 
KH* ee 17 1.72 1.08 23.60 20.60 .02% .020 
LL 410 1.29 .85 26.7% 22.01 .012 .014 .10 1.75 .8% 24.07 20.30 .018 .o1 

LH -16 1.67 .78 23.86 20.00 .017 .O1 

ML .12 2.29 .52 27.80 21.11 .024% .016 .12 2.06 .57 27.3% 19. .019 
MH 18 2.13 .53 19:80 .020 
NL Not available -09 1.8% 1.33 24.72 19.19 .026 .020 
NH 1.80 1.33 24.72 19.89 .026 .019 


* The analysis on Specimen KH was checked on another weld sample. 
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Experimental Results Figure 1 shows a t 


ypical group of defective 0.595 


specimens. Defects or flaws may be noted along the 
.In order to provide a better picture of the type of 
specimen and type of defect referred to in the tables, a 
group of photographs of representative specimens will 3 
precede the discussion of the test data. 
Table 5—Physical Properties of All-Weld-Metal 0.505 : 
Specimens; */,,-In. Diam. Electrodes at 150 Amp. D.-C. 2 
Reverse Polarity 
OF DEPOSIT’ YIELD TENSILE _ELONG, RED. OF 
Ps} PSI IN 2" 
‘ 88, 4 51.9 
KH 1612 51,220 80,000 23 2 
8; 57. 
88, 64.2 
(883300 80? 500 57.3 
* Duplicate specimen Fig. 2—A Typical Gong of Sound All-Weld-Metal 0.505 S 
pecimens 2 
Table 6—Face and Side Bend Specimens of Welds Made with */,;-In. Diam. Electrodes at 150 Amp. D.-C. Reverse Polarity : 
FACE BENDS GUIDED SIDE BENDS . 
ELONG. NO. OF ELONG. ANAL. OF 
AT FIRST DEFECTS AT 180° OR ANGLE % ELONG. DEPOSIT “ 
SYMBOL DEFECT NOTED AT_FAJLURE REMARKS O¥ BEND _IN 2" #C__ 251 & 
JH 142 1 2 small defects 180° 28.2 1.18 
JL 10% 3 314 Failure 67° 15.6 ell 1,24 i 
KH 6% 2 28% Failure 90° 21.8 19 11. 2 
KL 7% 17% Failure 21.8 11 1.08 
LH -- None Wis, No visible defects 180° 46.8 17 
LL 15% 1 32% Failure 180° 40.6 10 8+ 
MH None % No visible defects 180° 37.6 
ML None 36% No visible defects 180° 34.4 
NH 134 1 41g Failure 180° 37.6 17 1.33 & 
Nl, % 3 34% Failure 180° 28.2 -09 1.33 
Fig. 1—A Typical Group of 
Defective 0.505-All-Weld- 
Metal Tension Specimens 
is 
HH HL IH IL 
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Fig. 3—A Typical Group of Defective Face Bend Specimens 


entire length of each specimen. In some cases the duc- 
tility appears to be satisfactory in spite of these flaws 
although usually their presence in a weld metal results in 
reduced tensility as well as ductility. 

A group of sound all-weld-metal 0.505 specimens is 
shown in Fig. 2. The difference in appearance is quite 
noticeable. 

Figure 3 presents a group of defective face bend 
specimens. The defects are very apparent and leave no 
doubt as to the inferior quality of these weld deposits. 

A number of sound face bend specimens are shown in 
Fig. 4. The excellent ductility normally associated with 
25-20 weld deposits is well illustrated by these speci- 
mens. 

Figure 5 shows a group of defective side bend speci- 
mens. The similarity with the defective face bends may 
be noted. 

Figure 6 shows a group of sound side bend specimens. 
{gain the excellent ductility of the 25-20 weld deposit is 
apparent. 

Table 1 shows the analyses of the 7 heats of '/s-in. 
diameter core wire and also the analysis of the high- and 
low-carbon weld deposits made with the '/s-in. diameter 
electrodes. The carbon contents of the weld deposits 
vary from 0.08—0.23%, silicon from 0.45—0.84% and 
manganese from 1.79-2.23%. Chromium, sulphur and 
phosphorus are within commercial limits and the nickel 
content is somewhat on the high side. Table 2 lists the 
physical properties obtained on the all-weld metal 0.505 
specimens and the silicon and carbon contents of the 
deposit. From a standpoint of tensile strength and duc- 


CH DH ML 
32% 32% 36% 


Fig. 4—A Typical Group of Sound Face Bend Specimens 
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21.8% 12.5% 28.2% 18.6% 
131° 122° 94° 71° 


Fig. 5—A Typical Group of Defective Side Bend Specimens 


tility all of these heats should be satisfactory. The 
higher carbon level is reflected in an increase in tensility 
of the weld metal without, however, causing a decrease in 
ductility at least up to 0.20 carbon. Actually slightly 


better ductilities were obtained at the higher carbon 
levels. 

Table 3 is a summary of the results obtained on face 
and side bend specimens. Carbon and silicon contents of 
the deposit are again listed for ready comparison. 

A study of the bend test data appears to indicate that: 


1. Allof the high-carbon deposits with carbon varying 
from 0.18 to 0.23 appear to be weld metals of 
acceptable soundness. 

Silicon contents above 0.50% in conjunction with 
carbon below 0.12% result in defective weld de- 


posits. 


These observations are of course true only within the 
scope of variation in analysis in S, P, Cr, Ni and Mn that 
exists in this test series. These data, however, do em- 
phasize the poor correlation of the ductility displayed by 
the tensile specimen and that of the bend specimens. 
For example, Specimen CL, Tables | to 3, which has an 
elongation of 39% in the tensile test fails both the face 
and side bend tests. 

A similar group of tests was conducted with 5 heats of 
ye-in. diameter core wire. Table 4 lists the analyses of 
the weld metals and the 5 heats of */,.-in. core wire. The 
variations in analysis are somewhat larger than those 
noted with the '/;-in. diameter electrode series. Silicon 
in the core wire varies from 0.52—1.43 and from 0.53—1.33 
in the deposit. Manganese, nickel, chromium and phos- 
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Fig. 6—A Typical Group of Sound Side Bend Specimens 
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Table 7—Chemical Analysis of Core Wire and Weld 


it of Welds Made with °/»-In. Diam. Electrodes at 125 Amp. D 
verse Polarity 


CORE WIRE WELD DEPOSIT 
HEAT 


HH We2505 .08 1.31 1.08 24.60 20.20 .018 
HH* W-8505 .08 1.31 1.08 24.60 20.20 .018 


0 

P 

Q 

F 

T 

U 

TH A-763 .06 1.66 .42 25.77 23.26 .017 
IL A-763 

A-763 .06 1.66 25.77 23.26 .017 
1L* A-763 


* Recheck on 


013 1.50 24.28 19.70 .02 


1 
1.88 1.0% 24.14% 19.80 .o2k 
1.80 1.05 23.87 19.39 .023 ois 
-09 1.80 1.06 23.87 19.70 
-20 2.52 1.06 23.60 19.58 .024 .o15 
15 2.56 1.10 23.53 19.58 .023 .017 
1.82 1.93 23-7 20.00 .025 
.1.72 -O1 19.59 .026 .ol1 
2.79 .82 23.80 19.49 .027 .017 
-16 2.70 .92 23.73 19.39 .022 .016 
18 2.59 .96 23.63 19.29 .026 .016 
.15 1.738 .47 24.61 22.22 .023 .013 
1.88 2 22.12 015 
-009 .18 1.84 . 25.21 22.32 .021 
1.92 .46 25.21 22.42 .018 .017 


another set of specimens. 


Table 8—Physical Properties of All-Weld-Metal 0.505 Speci- 
mens; 5°/»-In. Diam. ore rave at 125 Amp. D.-C. Reverse 
olarity 


CHEM. ANAL. 
OF DEPOSIT YIELD TENSILE ELONG. RED. OF HEAT NO. OF 

SYMBO, 

HH 1.80 1.02 53,000 84,500 27.0 W-8505 
HL 1.09 1.88 1.0% 47,000 78,500 33.0 4%8.1 w-B505 
0 +20 2.52 1.06 61,500 9,500 5 41.0 w-8505 
P 115 2.36 1.10 55,000 86,750 3:3 49.8 w-8505 
Q 1.82 1.03 ,000 87,000 1.0 w-8505 
1.72 1.03 53,000 85,500 33.5 1.4 wW-8505 
s 2.79 .82 52,500 85,250 39.0 46, W-8505 
T -16 2.70 .92 57,000 87, 36.5 W-8505 
2.59 .96 51,000 85,500 38.0 49. w-8505 
18 -15 1.78 .47 53,500 84.250 41.5 23-8 A-76 
IL -07 1.88 .51 3000 76,000 37.5 9 A-76 


phorus are somewhat lower than in the previous series, 
whereas sulphur averages to higher values. 

The physical properties obtained from all-weld-metal 
0.505 specimens as well as carbon and silicon contents of 
the deposit are listed in Table 5. Again with exception of 


welds K, the ductilities reported are quite acceptable. 
The physical properties of Specimen KH, upon recheck- 
ing, showed no material change. The higher carbon con- 
tent is again reflected in a slightly better ductility and 
tensile strength. With the exception of welds KH and 
KL, the physical properties would appear to indicate 
sound weld deposits. The results of the bend tests are 
listed in Table 6. A totally different picture is presented 
by these data. Perfectly sound weld metal is indicated 
only for specimens LH, MH and ML. All of the other 
specimens show defects of a varying extent. At the low- 
carbon level silicon in excess of about 0.60% results in 
bend test failure whereas at the high-carbon level Speci- 
men LH at 0.78 silicon appears to be sound. 
Considerably more detailed work was done with the 
5/s-in. diameter core wire. Heat W-8505 contains 
0.08% C, 1.08% Si and 1.31% Mn and since the pre 
liminary data obtained with this heat were particularly 
discouraging, a number of tests were conducted involving 
adjustments in deposit analysis as well as coating con- 


Table 9—Face and Side Bend Specimens of Welds Made with */»-In. Diam. Electrodes at 120 Amp. D.-C. Reverse Polarity 


FACE BENDS GUIDED SIDE BENDS 
ANAL. OF 4% ELONG. NO. OF % ELONG, 
DEPOSIT AT FIRST DEFECTS AT 180° OR ANGLE % ELONG. 
SYMBOL $51 DEFECT NOTED T LU D N 
HH oAg 1.80 1.02 oe 1 40% Small defects 60° 12.5 
HL .11 1.88 1.0% 5% Many 12% Failure 73° 18.6 
2.52 1.06 10% 2 Failure ; 180° 31.2 
Pp 2.36 2,10 None 30% 119° 21.8 
1.862 1.€3 2 334 Failure 180° 34.4 
-16 1.72 1.03 23% 2 ailure 71° 18.6 
ol? 279 % 2 14% defects 1220 12.5 
T None 4.0% 3 small defects 104° 18.6 
U 18 2.59 .96 8% 3 31% 3 small defects 180° 31.2 
° Heat No. A-763 
1.78 -- None 47% No visible defects 180° 40.6 
1.08 % 5 21% Failure 52° 15.6 
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fig. 7—Photomicrograph, 4005-1; Unetched, 1000 xX. Nor- 
nal Inclusions in Low-Silicon 25% Cr —- 20% Ni Weld Metal 


M@ situency. Heat A-763 was objectionable only in that the 
© carbon content was particularly low, namely 0.06%. 
Dy Table 7 lists the analyses of the */3.-in. diameter core 
wire and of all of the weld deposits in this series. 
a Specimens HH, HL, IH and IL were welded with the 
5§ ame high-and low-carbon coatings as all the other speci- 
@ mens in the preceding test series. 
Specimens O and P were welded with electrodes ad- 
justed to produce a higher manganese deposit. 
Specimens Q and R were welded with straight lime- 
a ated electrodes, where the 4% titania normally used 
@ vas replaced with potassium arc stabilizers. 
Specimens S, T and U were welded using a lime coating 
= smilar to Specimen R, except that the equivalent silicon 
xide content of the coating was decreased by 6, 4 and 
respectively. 
mam Table 8 shows the physical properties obtained on all- 
Seg veld-metal 0.505 specimens. The tensile properties vary 
Sa ‘rom 78,500 at 0.09% C to 94,500 at 0.20% C, for Heat 
W-8505. The ductilities of the deposits made with the 
Sy “ore wire from Heat W-8505 also vary from 27 to 41%. 
Tensile and ductility values obtained from Heat A-763 

Sm “ain appear to indicate the trend that the higher car- 
Se on deposit produces better ductility. The physical 
SH (foperties obtained on some of the weld deposits made 
mth core wire from Heat W-8505 would indicate weld 
netal of excellent ductility, however, the bend tests re- 
wrted in Table 9 again contradict this statement. The 
@ Xundest weld metal is indicated by specimen U, although 
the face bend showed 3 defects. In general, these 9 weld 
uetals are very similar in that they all show defects. 
The difference exists in the degree of defectiveness and 
yrhaps in the accidental location of the defects. 
Table 9 also shows that Specimen IH at 0.15 C appears 
0 be a much superior weld metal than is Specimen IL at 
07% C. Both face and side bends are satisfactory at 
the high-carbon level and not so at the low-carbon level. 
The effects of sulphur and phosphorus on the soundness 
ithe weld metals have been considered only in so far as 
they were given by the core wire analysis. No attempt 
us been made to study the effect of these elements in 
amounts exceeding the normally accepted limits, particu- 
arly since the work of Thomas and Campbell indi- 
‘ates that our normal control specifications for these 
ements are well within acceptable limits for lime-coated 
tketrodes, and since we have had no difficulty in ob- 


from the wire mill. 
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taining satisfactory control for sulphur and phosphorus 


A Study of 14 Heats of Core Wire 


The data obtained from the experimental work con- 
ducted on the 14 heats of core wire appear to indicate 
that with carbon below about 0.12% and silicon above 
about 0.50% the face and/or side bend specimens may 
fail due to flaws or discontinuities in the weld deposit. 
A close visual examination of these defects on the sur- 
face of the bend and 0.505 specimens indicates a com- 
plete lack of cold deformation of the metal around the de- 
fective area. Bend specimens may show these flaws at 
elongations as low as 5%. It may be evident from these 
tests that the lack of satisfactory ductility is not an in- 
herent quality of 25-20 weld deposits, but rather may 
be due to other reasons. 

A metallographic examination of carefully prepared 
specimens of low-and high-silicon weld deposits showed in 
the case of the low-silicon deposit the normal inclusions 


. Shown in Fig. 7. This photomicrograph was taken at 


1000 X in the unetched condition. Figure 8, unetched 
at 1000 X shows the condition found in a high-silicon 
deposit which indicated many defects. The defect 
shown appears to be an intergranular slag deposit. Any 
tensional stess applied to the weld metal at this location 
would evidently cause a separation of the metal faces 
abutting the slag film. The chemical composition of the 
weld metal adjacent to these non-metallic intergranular 
deposits would have no bearing upon such a failure. 

Further metallographic studies of additional weld de- 
posits indicated the presence of similar slag films in all 
cases where bend test failures and low tensile elongation 
were observed. Sound weld deposits that were free from 
defects on bending also did not show any intergranular 
slag envelopes. 

When we consider that these slag films usually occur 
only with electrodes made from high-silicon core wire it 
appeared reasonable to assume that the films result from 
the oxidation product of silicon and therefore may well 
consist of silicates which are sufficiently low melting to 
form films of this type. The iron oxide-manganese 
oxide-silicon oxide phase diagram as prepared by Wen- 
thrup is shown in Fig. 9. The lowest melting compound 


‘ s 


Fig. 8—Photomicrograph, 4005-2; Unetched, 1000 x. Inter- 
granular Slag Films in a = 25% Cr- 20% Ni Weld 
eposit 


733-s 


4 
17 
15 Wy : 
— 
ble. § ps 
ck- 
on- 
and 
and 4 
ate 
are 
ited 
ited 
her 
ow- 
in 
eCi- 
the 
ains 
pre- 
arly ve 
ving 
con- 
arity 
CG. 
nm 
BER 


T T T T T Oe ¢ 


C 
F. 


1000+ 
} 


p 1200 


r 


1800}- 


3 
Temperature, deg 


Fig. 9—The MnO-SiO,-FeO System (After Wentrup) 


in this series has a melting point of about 2100° F. Chro- 
mium, sulphur and/or phosphorus additions may tend to 
further decrease the melting point of this slag. 

The effect of carbon also fits in well with this explana- 
tion in that 25-20 metal below 0.10-0.12% carbon is 
extremely viscous. At the higher carbon levels the 
fluidity of the metal is greatly improved and it would be 
likely to assume that the viscous low-carbon metal would 
show a tendency to trap a slag, whereas the more fluid 
high-carbon weld metal would separate the slag more 
readily. In addition to the greater fluidity the presence 
of more carbon in the arc stream would result in less 
oxidizing conditions. 


The Effect of Current 


If the low tensile elongation and the presence of inter- 
granular slag films are the result of the oxidation of sili- 
con during welding the tendency of high current values to 
produce weld metals of poor tensility and ductility be- 
comes understandable, since the higher current values 
would promote oxidation of the metallic constituents in 
the arc stream. The high affinity of silicon for oxygen 


is too well known to be questioned. In order to clarify 
this point another series of experiments was conducte:| to 
show the effect of current value on the physical properties 
of the deposit. Electrodes °/3:-in. diameter of a ion 
and a high silicon heat were coated with our standard 4°” 
titania-lime coating and all-weld-metal tension specimens 
as well as face bend specimens were welded at 120, 159 
and 175 amp. d.-c. reverse polarity. At these current 
values one set of specimens was welded with a string bead 
technique and the other set of specimens was prepared 
by weaving each pass across the width of the groove 

Table 10 shows the core wire analysis of the two heats 
of 5/39-in. core wire as well as the analysis of each weld de- 
posit at the 3 current values and for the string bead and 
full weave deposit. In both cases the increasing current 
value results in a lower percentage of carbon, manganese 
and silicon. The analyses of the two groups of weld de- 
posits are quite similar except for the higher silicon con- 
tent of deposits made with Heat W-8505. 

Table 11 summarizes the physical properties of the all- 
weld-metal tension specimen and also the results of the 
face bends for each series. In the case of the low-silicon 


“Heat 9852 the higher current values used for welding re 


sults in a decrease in tensility of some 8500 p.s.i. which 
may well be attributed to a possible oxidation of some of 
the elements in the deposit. The ductility of the weld 
metal remains unchanged and the face bends are perfect 
specimens for the string bead welds and show some slight 
imperfections in the case of the welds made with the 
full weave technique. 

The data obtained with the high-silicon Heat W-8505 
indicates weld metal of unsatisfactory quality in all cases 
except the string bead deposit at the low current value 
All bend specimens except the low current string bead 
deposit failed and the tensile and elongation values are 
erratic due to the number and location of the defects. 

The above test series appears to indicate that with low- 
silicon wire acceptable welds can be made at a relatively 
high current input and with string as well as weaving 
techniques. With the high-silicon wire the higher cur- 
rent levels and/or the weaving results in extremely de- 
fective weld metal. 

Evidently, conclusions to be drawn from this work are 
that the physical properties of the weld metal itself are 
not affected by variations in silicon content of a magnitude 
included in these tests but that minute slag films are re. 
sponsible for the erratic results obtained. In order to 
check this still further, 2 Charpy keyhole impact speci- 
mens were machined from each bend test plate welded in 


Table 10—Chemical Analysis of °/:.-In. Diam. Core Rod and Weld Deposits in High Current Series 


CORE WIRE ANALYSIS 


WELD METAL ANALYSIS 


SPEC. CORE WIRE 

NO, . Ni s Cc Mn Si 
2 W-9852 208 “A. .30 27.6 20.08 .021 .012 .17 1.88 .40 26.69 19.9% 
1.80 .33 26.83 19.45 
Sos W-9852 Ret? 239 «426.37 19. 
75W 1.67 26.58 19.45 
215 w-8505 .08 1.31 1.08 24.6 20.20 .018 .013  .17 2.55 1.13 23.79 19.60 
217 5°08 1. 23.86 19.80 
51S W-8505 2042 1.0% 23.86 19.80 
51w W-8505 15 2.28 1.11 23.74 20.00 
76S w-8505 2.4% 1.08 23.82 20.05 


Gz 

/ 

. 

4 

& 
| 
. 

with 

ie 
duc 

(Du 
test 
wea 

pla 

coh 
d 

my 

tall 
] 

Wi! 

; 

ad 

| 

q 

3 

734-s WELDING RESEARCH SUPPLEMENT DECEMBER 


75W SOW 
this group of specimens. The results of the room tem- 
perature impact tests are listed in Table 11 in conjunction 
with the other data on these weld metals. 

Comparing the impact data with the tensile ductilities 
shown in Table 11, it is apparent that the low tensile 
ductilities shown by the high-silicon deposits do not in 
any way affect the impact properties of the weld metal. 
During the relatively slow rate of loading in the tensile 
tests, the specimen may fail in tension along any plane of 
weakness such as an intergranular slag film. Failure in 
impact testing is normally transgranular and the test data 
are a measure of the ability of the metal to deform 
plastically under very rapid rates of loading before the 
cohesive strength of the metal has been reached. Thus 
brittle materials show relatively low impact values and 
ductile metals will show high values. On the basis of the 
impact tests the high-silicon metal appears to be at least 
as ductile as does the low-silicon material. 

The specimens from which the data in Table 11 were ob- 
tained are shown in Figs. 10 to 14. 


Figure 10 shows the all-weld-metal 0.505 specimens 


with the low-silicon Heat W-9852. 
The corresponding high-silicon all-weld-metal tension 
specimens of Heat W-8505 are shown in Fig. 11. The 


Fig. 10—All-Weld-Metal 0.505 
Tension Specimens Welded at 
120, 150 and 175 Amp. D.-C. 
Reverse Polarity with Weave (W) 
and String Bead (S) eee. 
Low-Silicon Core Wire eat 
W-9852 


20W 20S 
extreme unsoundness of the weaved specimens at all heats 
is very apparent. 

The low-silicon face bend specimens of Heat 9852 are 
shown in Fig. 12. The weld metal is in all cases sound 
and of acceptable quality. 


Figure 13 shows the face bend specimens from the high- 
silicon Heat W-8505. The poor quality of the deposit is 
very evident particularly in case of the weaved specimens. 

Eight representative impact specimens are shown in 
Fig. 14. There is no perceptible difference in the ap- 
pearance of the fracture of any of the specimens. 


A metallographic examination of the weld deposit in 
this test series shows the low-silicon weld metal 20-S 
(Heat 9852) to be free from nonmetallic films as illus- 
trated in Fig. 15 at 1000 X in the unetched condition. 
Figures 16 and 19 show the intergranular slag envelopes 
in specimens 76-S (high-silicon Heat W-8505) and Figs. 
18 and 19 show the condition found in specimen 76-W 
(high-silicon Heat 8505). All photomicrographs are at 


1000 X in the unetched condition. 


Examination of these slag films under polarized light 
appears to indicate that they consist to a substantial ex- 
tent of silicates. 


21S 21W 51S 


51W 76S 76W 


Fig. 11—All-Weld-Metal 0.505 Tension Specimens Welded at 120, 150 and 175 Amp. D.-C. Reverse Polarity 


with Weave (W) and String Bead (S) Techniques. 


1947 


DUCTILITY OF 25% Cr-20% Ni WELD DEPOSITS 


High-Silicon Core Wire Heat W-8505 
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21S 21W 51S 51W 76S 76W 
Fig. 12—Face Bend Specimens of Test Plates Welded at 120, 150 and 175 Amp. D.-C. Reverse Polarity 


with Weave (W) and String Bead (S) Techniques. Low-Silicon Core Wire Heat W-9852 = 


20S 20W 50S 50W 75S 75W - 
e 
Fig. 13—Face Bend Specimens of Test Plates Welded at 120, 150 and 175 Amp. D.-C. Reverse Polarity W. 


with Weave (W) and String Bead (S) Techniques. High-Silicon Core Wire Heat W-8505 


20S1 20S2 50S1 50S2 51Wl 51W2 76S1 7682 
Fig. 14—A Group of Representative Impact Specimens of the 25% Cr-—20% Ni Weld Deposits in the 
High Current Series = 
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Table 11—Physical Properties, Bend Tests and R. T. Impact Test Data on the High Current Series 


ALL WELD METAL PROPERTIES 


TENSILE % ELONG. 
PSI 


spec. YIELD RED. 


NO. PST 


IN 2" AREA 


FACE BENDS 


% ELONG. 
IN 


CHARPY IMPACT 
OF | 


REMARKS 


Low Si - Heat No. W-9852 
5-9 


53. 


8 


50.0 
0.1 


29.5 

8.5 
25.5 
22.0 


28.0 
16.5 


22 


28.4 
20.0 
32.0 
22. 
16. 


Failure 
Failure 
Failure 
Failure 
Failure 


Table 12—The Effect of Varying the Coating to Core Weight 
Ratio on Deposit Analysis of Heats W-9852 and W- 


ANALYSIS OF DEPOSIT 


cr Ri 


24.18 
24.1% 
26.14 
24.07 


Sess 2333 


ERSS 


250 
2D 
25a 
258 
256 
25k 
OF 


ANALYSIS OF CORE WIRE 


-08 1.31 1,08 20.20 -013 
209 1.55 .30 27.6 20.08 -012 


The Effect of Coating Percentage 


The degree of oxidation in the arcstream of an elec- 
trode is to a considerable extent also a function of the 
amount’’ of coating, that is, the ratio of coating weight 
to steel weight. In order to determine the effect of 
various coating weight percentages on the physical prop- 
erties of the high- and low-silicon heats W-8505 and 
W-9852, four batches of electrodes were coated with 


| w 


varying coating percentages using our standard 4% ti- 
tania-lime coating with the carbon in the deposit ad- 
justed to be in excess of 0.12% and below 0.20%. Table 
12 shows the analyses of the core wires and weld de- 
posits. The weight percentage of the coating is also 
listed in each case. The recovery of manganese and car- 
bon increases as the coating percentage increases where- 
as the silicon, chromium, nickel, sulphur and phosphorus 
contents appear to remain unaffected. At this point it 
may be well to point out the possible discrepancy of a 
chemical analysis of a weld deposit. The values reported 
for chrome, silicon, manganese, etc., do not necessarily 
imply that these elements are all present to the extent 
shown by the arialysis in the elementalfrom. The chemi- 
cal analysis as a rule reports the total equivalent amount 
of the element present, which may exist as an oxide, sili- 
cate, sulphide or in the metallic state. Thus two weld 
metals may show exactly the same analysis and yet vary 
widely in physical properties depending primarily on the 
amount of nonmetallic inclusions present in the deposit. 

The physical properties of these weld deposits are 
shown in Table 13. For the high-silicon Heat W-8505 
the ductilities appear to increase with the amount of 
coating. Tensility is at a maximum at 25.8% coating. 
In general, the welds as indicated by the bend tests of this 
heat are all defective. 


Table 13—The Effect of Varying the Coating to Core Weight Ratio on the Ph 
with '/»-In. Diam. Electrodes from Heats W- 


ALL WELD METAL PROPERTIES 


CORE WIRE 


YIELD TENSILE 


PSI PSI 


1 Pro 


poet rties of the Weld Deposits Made 


FACE BENDS 


% BELONG. 
In 1" 


% ELONG. 
IN 2" 


RED. 
AREA 


OF 


w-8505 
w-8505 
w-8505 
W-8505 


w-9852 
w-9852 
w-9852 
wW-9852 


79,750 
84, 500 
88,250 
87; 750 


94,500 
92,000 
893500 
90,500 


13.0 
35:6 
31.2 


25.8 
31.2 


el 
3878 
39.1 
37-9 


42.3 
49.2 
57-5 
52.2 


id 
25 63,000 1,000 3 0 OK 24.5 23.5 
20W 52,560 853620 OK 26.5 

8650S 231000 88,250 36.5 OK 23-2 23-2 
9,390 83,600 38.5 1.1 OK -5 26.0 
758 £79000 85,750 37.0 OK 23.5 25.5 
9,410 82,520 36.3 3.1 OK 25.0 26.5 
High Si - Heat No. wW-8505 
215s 61,500 90,000 45.5 OK 25.5 .0 
2iw 48,500 36,750 19.5 30.5 | 
51S 232200 4, 500 39.1 23.0 
51W ,000 7%, 500 38-8 21.0 
76S 84,500 2.5 27.5 
N H f 
027.018 
ity ae 
5 
0 REMARKS 
25C 56,500 19.0 10 Failure ee 
25D 58,000 23.5 15.0 Failure 
258 53,500 32.0 20.0 Failure 
256 65,500 33.0 27.7 Failure 
00 39.0 3. OK 3 
25F 61,000 36.5 30:8 OK 
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In the case of the low-silicon Heat W-9852 only the 

light-coated (13%) electrode is unsatisfactory, although 
the tensile elongation is 33%. 
_ Figure 20 shows the 0.505 specimens from which these 
data were obtained. The difference in the weld metal 
soundness is again apparent. Bend test data for the 
high-silicon wire Heat W-8505 are shown in Fig. 21. 
These specimens exhibit the unsoundness resulting from 
silicate slag envelopes, while Fig. 22, with the exception 
of one specimen made with an under-coated electrode, 
shows sound weld tests resulting from the comparatively 
low-silicon core wire. 


3 Fig. 15 
J 
- 
? Fig. 17 
g 


. 15—Photomicrograph C-4-1; Unetched, 1000 x; Speci- 
men 20S. Low-Silicon Core Wire. Heat W-9852 

. 16—Photomicrograph C-4-2; Unetched, 1000 x; Speci- 
men 76S. High-Silicon Core Wire Heat W-8505 

. 17—Photomicrograph C-4-3; Unetched, 1000 x; Speci- 
men 76S. High-Silicon Core Wire Heat W-8505 

. 18—Photomicrograph C-4-4; Unetched, 1000 x; Speci- 
men 76W. High-Silicon Core Wire Heat W-8505 

. 19—Photomicrograph C-4-5; Unetched, 1000 x; Speci- 
men 76W. High-Silicon Core Wire Heat W-8505 
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These data appear to indicate again, that as the 
tential degree of oxidation in the arc stream is incre, od 
‘whether this is done by high current input, weldine soit 
nique or insufficient coating, the physical properties ae 
tained with high-silicon core wire decrease directly a< the 
degree of potential oxidation increases. The physical 
properties of weld metals deposited with low-silicon ¢ a 
wire appear to be relatively unaffected by such variati -, 


The Effect of Deoxidizers 


From the preceding data it would appear like ati 
the oxidation of silicon could be 
addition of deoxidizers to the coating, the formation of 
silicate slag films should also be eliminated. 

In order to investigate this possibility, a group of de- 
oxidizers and metal alloy additions were incorporated 
in our standard lime-titania coating, adjusted to deposit 
weld metal at a carbon range of 0.12-0.20%. The */»-in. 
diameter core wire of the high-silicon Heat W-8505 was 
used in all cases 

Manganese additions resulting in a recovery of up to 
3% in the deposit with and without ferro-silicon in the 
coating does not prevent-the formation of silicate slag 
films, although the physical properties of the deposit are 
substantially improved at the higher manganese level. 

Titanium additions up to 10% Fe Ti in the coating do 
not appear to be an effective method of decreasing the 
number of silicate films. 

Aluminum was added as a 50- x 100-mesh carefully 
sized powder. The presence of aluminum in the coating 
did not improve the quality of the weld deposit. 

Vanadium additions up to 10% Fe V in the coating also 
did not result in an improvement of weld metal quality. 

The oxides of manganese, titanium, aluminum and 
vanadium all form relatively low melting compounds and 
solutions with silicon and iron oxide. Since the presence 
of these deoxidizers did not appear to prevent the oxida- 
tion of silicon, their oxides did not prevent and in some 
cases actually appeared to increase the film-forming tend- 
ency of the silicate slag. : 

Additions of molybdenum and columbium to the coat- 
ing did appear to counteract the effects of high silicon in 
the core wire in that the all-weld-metal 0.505 specimens 
showed very little evidence of fissuring. 

Three lots of molybdenum-bearing electrodes were pre- 
pared to deposit 0.40 to 0.60 and 1.10% Mo, respectively. 
In all three cases excellent bend test specimens were ob- 
tained with test plates up to */, in. thick. The */,-in. 
test plate adopted for control purposes, however, indi 
cated the presence of many fissures in the deposit when 
subjected to a face bend test. 

The effect of columbium was checked by adding 20% 
Fe Cb to the coating and preparing °/3-in. diameter 
electrodes of the high-silicon Heat W-8505 as well as the 
low-silicon Heat W-9852. The Fe Cb used in the experi- 
ment contained 6.5% metallic silicon which resulted in an 
increase of approximately 0.40% Si in both weld deposits. 
Columbium and silicon contents in the weld metal pro- 
duced with the high-silicon Heat W-8505 were 1.48% 5 
and 2.25% Cb; the low-silicon core wire Heat 950 
showed 0.79% Si and 2.11% Cb in the deposit. 

The introduction of columbium into the weld deposit of 
the low-silicon Heat W-9852 decreased the elongation 
from 37.5 to 27%. The tensile. strength and yield 
points of the deposit remained substantially the same, 
namely, 91,000 and 63,000 psi., respectively. T he free 
bend specimens broke without evidence of defects at an 
elongation of 32.2% in a 1-in. gage length. 

In the case of the high-silicon Heat W-8505 the addi- 
tion of columbium to the weld metal resulted again 1” 
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25A B C * Dp E F G H 
Fig. 20—The Effect of Coating to Core Wire Weight Ratio as Shown by the All-Weld-Metal Tension Specimens 
A-B-C-D: High silicon; Heat W-8505. E-F-G-H: Low silicon; Heat W-9852. 
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at Fig. 23—Photomicrograph C-4-6; 1000 x. Etched with 
Fig. 21—The Effect of Coating to Core Wire Weight Ratio as Aqua-Regia Glycerin Showing the Normal Grain Size of 25% 
Shown by the Face Bend secinene- High-Silicon Heat Cr — 20% Ni Weld Deposit 
/ 
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B: Fig. 24—Photomicrograph C-4-6; 1000 x. Etched with 
idi- ‘4 Fig. 22—The Effect of Coating to Core Wire Weight Ratio as Aqua-Regia Glycerin Showing the Reduced Grain Size and 
in Shown by the Face Bend Specimens. Low-Silicon Heat the Microstructural Constituents Resulting from the Addition 
W-9852 of About 2% Cb to the 25% Cr — 20% Ni Weld Metal 
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only a minor change in all-weld-metal 0.505 properties. 
Tensile and elongation values remained at 89,000 and 
61,000 psi., respectively, and the ductility decreased 
from 29.5 to 26%. The outstanding difference between 
this specimen and previous tension specimens from this 
heat was the almost complete absence of fissures on the 
0.505 specimen. Carefulexamination of the broken 0.505 
specimen indicated the presence of a few small voids at 
the surface. Judging from the 0.505 specimen alone, the 
fissuring appeared to be largely eliminated. However, 
the bend specimen failed at 13.0% elongation with con- 
siderable evidence of fissuring. A metallographic exami- 
nation of the columbium stabilized weld metal as com- 
pared to a weld metal of normal 25% Cr-—20% Ni analy- 
sis.shows that the columbium stabilized material has a 
much finer grain structure than that normally associ- 
ated with 25% Cr—20% Ni weld metals. As previously 
noted by Messers. Thomas and Campbell the addition 
of substantial amounts of columbium results in the ap- 
pearance of another phase in the structure. Figure 
23 at 1000 X shows the structure of 25% Cr—20% Ni 
weld metal, etched with aqua regia-glycerin. The effect 
of columbium additions is shown in Fig. 24 also at 1000 X. 
Aside from the appearance of another phase at the grain 
boundaries, the decrease in grain size appears to be the 
primary effect of columbium additions. The possible 
effect of slag films or perhaps even the tendency to form 
slag films is greatly reduced by a fine-grained structure. 
In this manner the additions of columbium to 25% Cr- 
20% Ni weld metal may result in beneficial effects on the 
degree of fissuring. The authors have not attempted to 
determine the reason for the grain refinement caused by 
the addition of columbium, however, the ferrite formers 
which result in the elimination. of fissures according to 
Messrs. Thomas and Campbell also form oxides*which 
are not readily fluxed and the presence of many such 
oxide particles in the molten pool may well promote fine- 
grained solidification. 


Conclusions 


1, The all-weld-metal 0.505 specimen has been shown 
to be a less satisfactory means of determining weld qual- 
ity of 25% Cr—20% Ni deposits than is the face bend 
specimen. The latter should be of a thickness greater 
than 5/,; in. for best results. 

2. The preferred carbon range for 25% Cr—20% Ni 
weld deposits made with lime-coated electrodes is 0.12- 
0.20% C. Lower values result in decreased tensility 
and ductility. Higher values result in increased ten- 
sility and décreased ductility. 

3. Silicon in excess of about 0.50%, particularly at 
the lower carbon level (below 0.12%) results in 
defective weld metal. At the higher carbon levels 
(0.18-0.20% C) silicon up to approximately 0.70% may 
be tolerated. 

4. The harmful effect of high-silicon values in 25% 
Cr-—20% Ni weld deposits is not due to the metallic sili- 
con in solution in the austenite, but rather to the forma- 
tion of silicate films surrounding the austenitic grains. 
The lack of brittleness of high-silicon weld deposits is 
demonstrated by impact tests. 

5. Molybdenum and columbium appear to reduce 
microfissuring as shown by 0.505 tensile specimens. 
Their addition to 25% Cr—20% Ni deposits in substantial 
amounts results in a reduction of the tensile ductility due 
to the appearance of another metallurgical phase at the 
grain boundaries. Addition of molybdenum or colum- 
bium also results in a marked reduction in grain size, 
which may decrease the tendency for the formation of 
intergranular silicate films. 
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6. These tests show that a properly balanced core i 
wire and coating such as has been outlined clinainate : 
many of the common o rational restrictions normally a 
specified for 25% Cr —20% Ni weld deposits and result 
sound welds, free of fissures. a 


Discussion of the Paper 
“Some Factors Controlling 
the Ductility of 25% Cr- 
20% Ni Weld Deposits 


By H. C. Campbell and R. David Thomas, Jr.: 


25-20 weld metal should again be discussed at this 
Annual Meeting, and especially flattering that the 

authors of this paper should have chosen our paper pre- 
sented last year as the basis for their recent work. 
Messrs. Carpenter and Jessen are to be congratulated on ™ 
their very helpful contributions. To lend emphasis to & 
their paper, we should like to list briefly the important | 
contributions which have come from this paper. 

Outstanding to our minds is the explanation of the & 
mechanism by which weld metal fissuring occurs. Illus- § 
trations of intergranular slag film have been confirmed § 
in our own laboratory, but we are grateful to the authors § 
for pointing out the probable explanation for the exist- § 
ence of these slag films in low-carbon 25-20 weld metal J 
and the freedom from this defect in the more fluid high- 
carbon alloy. This explanation is far reaching in that it § 
may help to explain fissures not only in 25-20 weld metal & 
but in other alloys in which it is frequently encountered. & 
For example, the same defect has been noted in low-car- § 
bon 15 Cr-35 Ni alloys, but by adding carbon the fis. 
suring has been found to disappear. If fissuring is cor- | 
rected by a change in the weld metal viscosity through 
adjustment in the alloy composition, it is reasonable to 
suppose that elements other than carbon may be used to 
obtain the same effect. It is well known that foundries 
use silicon for improving the fluidity of these high Cr-N: 
alloys, which sheds some doubt on the theory, since ob- 
viously silicon causes an exaggeration of this defect. It 
helps to explain, on the other hand, the differences en- 
countered between lime type coverings and coverings 
containing increasing percentages of titania, since the 
lime type coverings are not only lower in melting point, 
but also produce the best fluxing type of slags. This 
leads, therefore, to a possible test of the theory by ac- 
justing the fluidity and melting point of the slag to de 
termine its effect in removing these intergranular slag 
films. 

With respect to the comments on welds K (Tables 4, 
5 and 6). The core wire shows 0.022% P and the de- 
posits show 0.018-0.021% P. In the same series welds 
J, M and N show phosphorus values of 0.018-0.020" 0. 
Welds A, C, E and F show phosphorus values of 0).021- 
0.028% and yet the physical properties of these relatively 
higher phosphorus weld metals are substantially better 
than for welds K. It does not appear that phosphorus § 
is the sole reason for the unsatisfactory performance 0! 
weld metal K. 


L: IS extremely gratifying to us that the subject of i 


* Associate Director, and Vice-President and Director, respectively, Re- 
search and Engineering Dept., Arcos Corp., Philadelphia, Pa. 
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The second point in order of importance, in our opinion, 
is the data presented with regard to the effect of these 
fissures on the impact properties of metal. The work 
which we presented last year was conducted for the pur- 

se of developing weld metal for applications in Naval 
armament, Where resistance to ballistic impacts was par- 
amount. While extreme fissuring was obviously to be 
eliminated, Carpenter and Jessen’s data showing that 
the presence of fissures did not affect impact properties 
is gratifying. We admitted that our control level of 
3% minimum elongation for all-weld-metal tension 
specimens did result in some fissures in the all-weld-metal 
tension specimens, but on the basis of the authors’ 
impact data we can now conclude that the material was 
fully satisfactory for the Naval application. 

Next in importance is the large amount of evidence to 
support their contention that the all-weld-metal tension 
test is not sufficiently selective to distinguish borderline 
heats. The face and side bend tests are not only simple, 
but less expensive than the all-weld-metal tension test. 
We are not fully satisfied, however, after examining the 
many tables that the authors have presented, that the 
elimination of the all-weld-metal tension test for studying 
fissuring in metals would be justified. We should like to 
emphasize the authors’ statement in discussing certain 
bend specimens by quoting one of their statements: 
“The differences exists in the degree of defectiveness and 
perhaps in the accidental location of the defects.”” Our 
study of their bend test results leads us to believe that 
the bend test gives qualitative information only, and is 
likely to be misleading unless a great many specimens are 
tested. The all-weld-metal tension test has the advan- 
tage of sampling a great many weld metal layers and re- 
sults in data which are fairly reproducible. The face 
bend specimen is particularly subject to variation for the 
reason that only one weld metal layer is sampled; and in 
the preparation of the specimen the top surface may rep- 
resent either the top or bottom of a weld-metal layer 
which may reasonably differ in the amount of inter- 
granular slag films. The side bend specimen is better 
from this viewpoint but still samples only one section of 
the weld metal. Perhaps the best compromise with re- 
gard to testing, will be to use the 0.505 all-weld-metal 
specimen, which samples many beads at many locations, 
and along with the quantitative tensile data to report 
the number of fissures. This will provide the quanti- 
tative data to indicate trends in a series of experiments, 
and a qualitative test to indicate acceptance or rejection 
for shop control.- 

Up to this point we have not commented at all upon 
the basic conclusions which the authors have drawn from 
their data. These, of course, are of utmost importance. 
It is gratifying that they confirm completely the con- 
clusions which we have drawn in our previqus paper. 
We feel, however, that the authors have overlooked the 
importance of phosphorus, even though they have made 
no attempt to vary the amounts of this element in their 
survey. Certain of the differences which their data show 
among high silicon weld metals can be explained very 
beautifully by the difference in phosphorus which is 
reported. For example specimens AH and BH differ 
greatly in phosphorus; of these BH, having the lower 
value, gives much more satisfactory bend specimens. 
Another example occurs in samples KH and KH* which 
gave unexpectedly low 0.505 specimens and poor bend 
specimens. In this case the phosphorus level is slightly 
higher than similar composition weld metals which per- 
formed satisfactorily. 

Finally a word of caution should be introduced on the 
use of columbium to eliminate fissuring in these alloys. 
Kihlgren and Lacy' made the same suggestions in a paper 

* Duplicate specimen. 


presented last year on the subject of high Ni-Cr alloys, 


and at that time? we cautioned against the use of this 


solution until it has been definitely ascertained that other 
important properties of this material are not adversely 
affected. This has special importance in the 25-20 weld 
metal grade. If it is true as pointed out by Linnert and 
Bloom’, that the introduction of large quatities of colum- 
bium causes the sigma phase to appear in the weld metal, 
we might expect deleterious effects on the corrosion pro- 
perties. Furthermore, field experience has indicated 
that much smaller quantities of columbium than those 
used by these authors have resulted in a much more serious 
occurrence of fissuring, probably because an insufficient 
amount is present to cause the introduction of the second- 
ary phase. Until further work has shown no further 
harmful result from its introduction, columbium should 
be avoided as a solution of the problem. 

We appreciate very much the opportunity which the 
Authors have given us to review this paper prior to its 
publication and. hope that our comments will be of guid- 
ance to these authors and to others who proceed with 
further investigations in this field. 
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Authors’ Reply 


We wish to express our appreciation to Messrs. 
Thomas and Campbell for their review and discussion of 
our paper. Their suggestion to apply the observations 
made in the course of our investigation to Titania type 
coatings should prove interesting. 

The comments made by Messrs. Thomas and Campbell 
on the usefulness of the bend specimen as a criterion of 
weld quality lead us to believe that we did not succeed in 
properly expressing our findings with respect to the rela- 
tive merits of the two test methods. We always use the 
0.505 all-weld-metal test to determine whether a specific 
heat of core wire will be satisfactory for our welding ap- 
plication. However, this test alone has been shown to be 
insufficient as a means of determining the expected per- 
formance of an electrode in production welding and we 
adopted the bend test as a supplementary test and a 
means of checking each batch of electrodes made from 
the particular heat of core wire. 

With regard to the comments on the effect of phos- 
phorus. The core wire and weld deposit analysis of 
specimens A and B at the low- and high-carbon levels are: 


0.022% 

0.025-0.028% 

0.016% 
0.019-0.020% 

Bend specimens for the high-carbon metal are good in 
both cases. The low-carbon deposit of Specimen A 
(0.14% C) fails the face bend, but passes the side bend 
satisfactorily. In the case of Specimen B, both face and 
side bends fail in the low-carbon (0.10% C) samples. 
The ductilities of the all-weld-metal <pecimens are: for 
AH—41.0% and AL—40.5%. The B specimens showed 
for BH—41.5% and BL—34%. It would appear the 
weld metals A at the slightly higher carbon leyel are 
superior to weld metal BL at 0.10% C, in spite of the fact 
that the phosphorus of the A welds is substantially higher 
(Tables 1, 2 and 3). 


Specimen A—core wire 
weld metal 

Specimen B—core wire 
weld metal 
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Abstract 


This report presents the results of an in- 
vestigation of the effect of manganese and 
molybdenum on the microstructure, hard- 
ness, impact values, and tensile strength of 
weld metal deposited with lime-ferritic 
electrodes.t 

Increasing the manganese content from 
0.8% to 1.1% had little effect on the tensile 
properties, hardness and microstructure 
of ferritic weld metal, but markedly in- 
creased impact values in the temperature 
range —60 to +80° F. A further in- 
crease of manganese to 2.3% increased the 
tensile strength properties and hardness 
altered the microstructure markedly, and 
adversely affected impact values. Addi- 
tion of 0.4% molybdenum to weld metal 
containing nominally 2% manganese in- 
creased the tensile strength properties and 
hardness only slightly, but effectively in- 
creased the impact resistance without a 
marked change in microstructure. 

For welding low-carbon constructional 
steels, the 1.1% manganese weld metal ap- 
peared to possess the best combination of 
tensile and impact properties. For weld- 
ing hardenable high-strength construc- 
tional. steels, the 1.8% manganese-0.4% 
molybdenum weld metal offered the best 
combination of tensile and impact proper- 
ties without undesirable hardening of the 
deposited metal. 


Introduction 


HE arc-welding electrode manufac- 
turers have long sought a ferritic 
electrode with which hardenable construc- 
tional steels could be joined satisfactorily 
without occurrence of deleterious hard- 
zone cracking. This undesirable phe- 
nomenon has been attributed by Voldrich! 
to the presénce of hydrogen in the arc 
atmosphere. An electrode covering con- 
taining a minimum of water and other 
hydrogen producing compounds had to be 
developed. Another specific requirement 
of the weld metal was that it contain suffi- 
cient alloying elemerrts to respond to com- 


* Thesis submitted in partial fulfillment of the 
requirements for the degree of Bachelor of Metal- 
lurgical Engineering at the Polytechnic Institute 
of Brooklyn, June 1947. Prepared under the 
supervision of Otto H. Henry, Professer of Metal- 
lurgical Engineering. 

7 “Lime-ferritic’’ or “low-hydrogen” is the 
term given to the new class of ferritic arc-welding 
electrode having a lime-type covering similar to 
stainless steel electrodes. 


Effect of Manganese and Molybdenum : 
on the Microstructure and Mechanical] 
Properties of Low-Alloy Ferritic Weld? 


Metal’ 


By William G. Benz, Jr. 


plete heat treatment should such treat- 
ment be required of the welded structure. 
An eiectrode which fills the above role was 
developed by several electrode manufac- 
turers under the supervision of the Na- 
tional Defense Research Council during 
the recent war. 

During the development of this class of 
electrode, designated by Herres? “‘Ameri- 
can Welding Society Classification E 
XX15 and E XX25,” particularly for 
1.75% manganese-0.4% molybdenum fer- 
ritic electrode, it was observed that this 
weld metal possessed excellent strength, 
ductility and resistance to impact without 
the customary post-welding treatments. 
More recently, successful application of 
similar special “low-hydrogen”’ electrodes 
of mild steel and several low-alloy steel 
compositions has been reported by 
Mathias and Bunk.‘ 

The data obtained in this investigation 
are of particular significance because, 
heretofore, most investigations of the 
metal-arc welding process reported in the 
literature were concerned primarjly with 
metallurgical changes in the base metal. 
Because a weld is similar in many respects 
to a small casting, the conclusions drawn 
from what follows may not necessarily 
apply to wrought steels. 

This investigation comprises a limited 
study of the influence of manganese and 
molybdenum on the tensile properties, 
notched-bar impact values, hardness and 
microstructure of weld metal deposited 
with lime-ferritic electrodes. Since as- 
deposited weld metal of this type has satis- 
factory mechanical properties, the weld 
metal in this investigation was tested 
without benefit of any post-welding treat- 
ment. 

These measured properties for each of 
the four different compositions are of 
direct interest te the welding engineer 
since he is primarily concerned with the 
potentialities of each electrode under any 
constant set of welding conditions which 
are practicable. The quantitative effect 
of graded amounts of manganese, or of 
added molybdenum, on the tensile and 
impact properties is not, however, clearly 
differentiated since the hardness of the 
several weld metals vary in accordance 
with composition; nevertheless, from the 
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measured data, it is possible to analyze the 
trends arising from variations in compo- 
sitions. 


Conclusions 


In the past several years, many investi- 
gators have compared the properties of 
graded series of wrought manganese steels 
using a carbon equivalent, based on the 
assumption that manganese is one-sixth 
or one-seventh as effective as carbon in 
altering the properties of steels. The re- 
searches at Battelle Memorial Institute 
indicate that carbon equivalent for man- 
ganese is one-sixth. The “total” carbon 
equivalent is %C + (%Mn)/6. This ex- 
pedient is used herein to compare the 
properties of these manganese weld metals 
for their carbon content was not the same 
and the manganese content of the two 
weld metals containing nominally 2% 
manganese, one with and one without 
molybdenum? differed by 0.5%. Con- 
clusions with respect to the effect of vari- 
ation in composition, within the scope of 
this report, are necessarily limited. With 
such limitations in mind, the following 
conclusions appear to be justified. 

1. The microstructure of the last pass 
deposited in the weld joint (similar to a 
single bead test on a flat plate) was mark- 
edly affected by increasing manganese con- 
tent or by increasing carbon equivalent. 
For example, the 0.8% manganese weld 
metal, carbon equivalent of 0.26, contained 
2% martensite, whereas, the 2.30) man- 
ganese weld metal, carbon equivalent c‘ 
0.55, contained 50% martensite. 

2. In ferritic weld metal containing 
approximately 1.8% manganese, (.4% 
molybdenum caused more martensite to 
form than an additional 0.5% manganese 
(65 and 50%, respectively). 

3. Ferrite becomes more acicular with 
increasing carbon equivalent; free ferrite 
outlining dendritic grains ceases to exist 
at a carbon equivalent of 0.32. 

4. The microstructure of the inner 
passes was a ferrite-carbide aggregate 1" 4 
matrix of ferrite, the latter being equiaxed 
in the two lowest alloys and acicular in the 
two highest alloys. 

5. With respect to the last pass, an 10- 
crease in the alloy content, or carbon 
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) si na- 
Type of Steel 

A 0.10-0.14% C 

B 1% Mn 

Cc 2% Mn 

D 2% Mn-0.35% Mo 

A 0.18% C-0.8% Mn 

B 0.14% C-1.1% Mn 

Cc 0.17% C-2.3% Mn 

D 1.8% Mn—-0.4% Mo 


* Maximum amount permitted. 


%Cc % Mn 
Core Wire % Si 
0.10-0.14 0.40-0. 55 0.02* 
0.12 0.98 0.02 
0.17* 1.75-2.00 
0.15 2.09 0.06 
Weld Metal 
0.13 0.79 0.26 
0.14 1.12 0.29 
0.17 2.32 0.26 
0.16 1.84 0.42 


Chemical Composition 


Table |—-Chemical Composition of Core Wire and of Weld Metal 


%Ni %Cr % Mo % Ti 
0.35 

0.11 0.05 0.01 0.01 

0.12 0.09 0.03 0.01 

0.13 0.08 0.04 0.01 

0.05 0.06 0.36 0.03 


equivalent, increased the maximum hard- 
ness of low-alloy ferritic weld metal; a 
further increase was noted with added 
molybdenum. These hardness data cor- 
related quite well with the relative propor- 
tion of martensite in the last pass. 

6. With respect to the inner passes, 
the average hardness of these weld metals 
increased with increasing alloy or carbon 
equivalent. This may be considered indic- 
ative of their resistance to softening on 
tempering. 

7. The notched-bar impact values of 
these ferritic weld metals were adversely 
influenced at temperatures of —60 to 
+80° F. by increasing manganese content 
or by increasing carbon equivalent. On 
the other hand, addition of 0.4% molyb- 
denum to weld metal containing approxi- 
mately 2°, manganese increased the V- 
notch impact values from 17 to 21 ft.-lb. 
at —30° F. and from 36 to 56 ft.-lb. at- 
+80° F. 
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OWELDING SEQUENCE FOR BUTTERING 
JOINT FACES 


D. WELDING SEQUENCE BEFORE 
REMOVAL OF BACK-UP BAR 


C. WELDING SEQUENCE AFTER 
REMOVAL OF BACK-UP BAR 


Fig. 1—Joint Geometry and Welding Se- 
quence in a Typical Plate (0.187-In. 
Diameter Electrode Used Throughout) 


8. The character of the fracture did not 
correlate with the relative impact strength 
of these welds; however, the fibrous por- 
tion of the fracture was found to decrease 
in relative amount with decreasing test 
temperature for each weld metal. 

9. The tensile and yield strength of 
ferritic weld metal increased with increas- 
ing manganese content or increasing car- 
bon equivalent with a corresponding de- 
crease in ductility as measured by elonga- 
tion and reduction of area in the tensile 
test. For example, increasing the carbon 


equivalent from 0.26 to 0.55 increased the 
tensile and yield strength from 81,600 to 
114,550 psi. and from 6700 to 85,600 psi., 
respectively. 

10. Addition of 0.4% molybdenum to 
weld metal containing nominally 2% man- 
ganese increased the tensile strength 
slightly and yield strength markedly with- 
out decreasing the tensile ductility proper- 
ties. 

From these data, it appears that lime- 
ferritic electrodes depositing a weld metal 
containing approximately 1°% manganese 
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say be used advantageously for welding 
ry jower strength constructional steels, 
yd lime-ferritie electrodes depositing 
seld metal containing approximately 1.8% 
sanganese plus 0.4% molybdenum may 
similarly used for joining the high- 
¢rength hardenable constructional steels. 


Material and General Procedure 


The purpose of this investigation is to 
eveal the influence of manganese and 
golybdenum on the as-welded properties 
{ low-alloy ferritic weld metal deposited 
with arc-welding electrodes having a 
low-hydrogen” or “‘lime-type” covering. 
The identification of the four weld metals 
is as follows: 


Designa- 
tion Weld Metal Type 


‘A 0.18% C-0.8% Mn 
B 0.14% C-1.1% Mn 
C 0.17% C-2'3% Mn 
D 0.16% C-1.8% Mn-0.4% Mo 


Each weld metal is designated by its 
identification symbol. 


|, Base-Metal Composition 


The nominal chemical composition of 
the 0.75-in. thick steel plate from which 
the butt welds for this investigation were 
fabricated is as follows: % C,0.18; % Mn 
130; % Si, 0.35; % Cu, 0.35; % Ni, 
125; % Cr, 0.15; and % Mo, 0.05. 

This grade steel is supplied to meet a 
specification requiring maximum tensile 
strength of 84,000 psi., minimum yield 
point of 45,000 psi. and a minimum elonga- 
tion of 20% in2in. Since this investiga- 
tion deals solely with the properties of 
weld metal, no further information is given 
for the base metal. 


Il, Electrode 


Alime-type covering was applied to each 
of four batches of ferritic steel core wire. 
The chemical composition of each covering 
was formulated to compensate for losses of 
dements in the core wire during transfer 
in the are. 

The chemical composition of the core 
wire and the weld metal is listed in Table 1. 

Because the carbon content of the four 
weld metals is not identical and the man- 
ganese content of weld metals C and D 
differs by approximately 0.50% (they 
were intended to be the same), some com- 
parisons of the properties of these metals 
are based on values of carbon equivalent 
(%C = % (Mn)/6). 


III, Welding Procedure 


A 20 x 12 x 0.75-in. I-plate was fabri- 
cated with each batch of electrode. Prior 
to welding, the bevels of the joint were 
buttered as shown in Fig. 1 (a). Details 
of the welding procedure are listed below 
and the welding sequence is shown in Figs. 
1 (6) and 1 (c). 


Electrode diameter, in....... 
Average current, amp........ 225 
Reverse 
300 
Maximum interpass temper- 
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Because of lack of sufficient electrode to 
deposit weld metal C, passes 7 and 8 were 
necessarily omitted. 

The completed weldment and location 
of specimens is shown in Fig. 2. 


IV. Microstructure of Weld Metal 


The microstructure of each weld metal 
was examined after polishing and etching 
at magnifications of 500 and 1000 diam- 
eters. The microstructural survey com- 
prised examination of (1) the structure of 
the last pass deposited, which is typical 
of a single pass weld deposited under the 
same conditions, and (2) the structure of 
the inner passes, this being weld metal 
which has cooled to the interpass temper- 
ature and then was reheated to various 
temperatures by the subsequent weld 


Microstructure of Last Pass.—The micro- 
structure of the last pass of each weld 
metal consists of different amounts of 
martensite, ferrite-carbide aggregate and 
pro-eutectoid ferrite. 

Weld metal A (Fig. 3 (A)) contained 
relatively wide ferrite areas as boundaries 
of dendritic grains. Within the grains, 
the structure was approximately 2% mar- 
tensite in a Widmanstatten matrix of 
acicular ferrite and ferrite-carbide aggre- 
gate. 

The ferrite boundaries, so prominent in 
weld metal A, have almost completely dis- 
appeared in weld metal B (Fig. 3 (B)). 
The structure contained 5% martensite 
dispersed in a type of ferrite less acicular 
than in weld metal A and a ferrite-carbide 
aggregate similar to A. 


effective than an extra 0.5% manganese 
when both were added to 1.8% manganese 
base in retarding transformation of aus- 
tenite as shown by the presence of more 
martensite in the manganese-molybdenum 
weld metal. 

2. The structure had a finer appear- 
ance with increasing alloy content; the 
acicular character of the ferrite became 
more apparent. 

Microstructure of Inner Passes.—The 
ferrite of weld metal A (Fig. 4 (A)) is 
equiaxed with fine pearlite at portions of 
the grain boundaries. As in weld metal A, 
the ferrite in B is equiaxed but the pearlite 
colonies are smaller and more dispersed 
(Fig. 4 (B)). 

In weld metal C (Fig. 4 (C)) the ferrite 
has retained the acicular character pre- 
viously observed in Fig. 3 (C) (represent- 
ing the last pass) and the former marten- 
site regions have been tempered so that 
the carbide has begun to agglomerate. 

The microstructure of weld metal D 
(Fig. 4 (D)) is similar to that of C except 
that the ferrite is more acicular and the 
structure retains a decided Widmanstatten 
appearance even though tempered by later 
welding passes. 


V. Diamond Pyramic Hardness Survey 


Vickers diamond pyramid hardness 
measurements were made (1) in the last 
pass along its center line parallel to the 
plate face, and (2) along the transverse 
center line of the weld joint perpendicular 
to the plate face. The results of these 
surveys are shown graphically in Fig. 5 
and summarized below. 


Carbon % 
Designation Weld Metal Type Equivalent Martensite 
A 0.13% C-0.8% Mn 0.26 2 
B 0.14% C-1.1% Mn 0.32 5 
Cc 0.17% C-2.3% Mn 0.55 50 
D 0.16% C-1.8% Mn-0.4% Mo 0.46 + Mo 65 


Weld metal C (Fig. (C)) contained 50% 
martensite dispersed in a matrix of acicu- 
lar ferrite, the structure as a whole having 
a Widmanstatten appearance. 

Weld metal D (Fig. 3 (D)) contained 
65% martensite dispersed in a matrix of 
acicular ferrite which is more acicular and 
more interlocked than that of weld metal 
C; again the structure has a Widman- 
statten appearance. 

The amount of martensite in these weld 
metals is summarized below. 


Last Pass.—The cooling rate of the last- 
pass weld metal may be assumed to be the 
same for the four weld metals. . This cool- 
ing rate was sufficiently retarded by the 
300° F. interpass temperature to prevent 
the formation of maximum hardness for, 
according to Bain,’ the maximum hardness 
attained by drastically quenched steel 
containing 0.10—0.20% carbon is in excess 
of 375 DPH. 

From the data for the last pass sum- 
marized above, the following conclusions 
are drawn. 


DPH 


Carbon 
Equivalent Hardness Survey (10 Kg. Load), 
Desig- Ye C+ —Last Pass— ——Inner Pass— 
(% Mn) /6) 


nation Weld Metal Type 

0.13% C-0.8% Mn 0.26 
0.14% C-1.1% Mn 0.32 
0.17% C-2.3% Mn 0.55 


0.4% Mo 


0.16% C-1.8% Mn— 0.46+ Mo 


Range Av. Range Av. 
230-249 238 171-187 173 
233-242 238 183-203 195 
292-299 295 228-285 251 
302-306 304 242-294 262 


From these observations the following 
appears to be true. 

1. Ingeneral, the amount of martensite 
in the last pass of these weld metals in- 
creased with increasing alloy content; 
0.4% molybdenum was apparently more 


EFFECT OF MANGANESE AND MOLYBDENUM ON WELD METAL 


1. The hardness of ferritic weld metal 
containing 0.13-0.14% carbon was not 
influenced by increasing the manganese 
content from 0.8 to 1.1%, this being an 
increase in carbon equivalent of 0.26 to 
0.32 (compare weld metals A and B). 
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WELD METAL D 


(016%C-18% Mn-0.4% Mo) 
RANGE 242-294 DPH. 
\ AV'G 262 DPH. 


126 WELD METAL C 

(0.17% C-2.3%Mn) 
ace RANGE 228-285 DPH. 
<q AV'G 251DPH. 

= 

= 


WELD METAL B 
(0.14% C- 1.1% Mn) 
RANGE 183-203 DPH. 
Av'G 195 OPH. 


WELD METAL A 


(0.13% C-O08% Mn) 
RANGE OPH. 
AV'G 173 OPH. 

16 025 0.50 


DISTANCE FROM FROM FRONT FACE, INCHES 
Fig. 5—Hardness (DPH) Survey of Weld Metals A, B, C and D in 0.75-In. Butt Joint 


2. The hardness of ferritic weld n 


letal 
containing 0.17% carbon and 2.3% 1» in- 
ganese, carbon equivalent of 0.55, is 57 


DPH higher than that of 0.13% carbon — 
0.8% manganese ferritic weld metal, Car- 
bon equivalent of 0.26 (compare weld 
metals C and A). 

3. The hardness of ferritic weld metal 
containing 0.16% carbon-—1.8%, man. 
ganese — 0.4% molybdenum, carbon equiv- 
alent of 0.46 + Mo, is 66 DPH higher 
than the low-carbon — low-manganese weld 
metal and 9 DPH higher than the 2.39 
manganese weld metal (compare weld 
metals D, A and C). 

Inner Passes. The hardness of the weld 
metal of the inner passes of the joint is 
influenced by the repeated heating by sub- 
sequent passes to temperature above and 
below the A; and A; thermal critical points. 
It appears that the Rardness of these weld 
metals may be regarded as a measure of 
their resistance to softening during several 
indeterminate reheatings. 

With respect to the inner passes which 
were reheated by subsequent passes, the 
following conclusions are drawn: 

1. The hardness of ferritic weld metal 
appears to increase with increasing man- 
ganese or with increasing carbon equiva- 
lent (compare A, B and C). 

2. The hardness of weld metal D is 
highest of the four, even though its man- 
ganese content (1.8% is less than weld 
metal C (2.3%). It may be inferred, 
therefore, that 0.4% molybdenum is more 
effective than 0.5% manganese in confer- 
ring resistance to softening. 

The hardness of weld metals A and B are 
quite consistent throughout the joint, 
whereas the hardness of C and D varies 
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considerably. It is reasonable to infer 
that, on cooling, weld metals A and B 
transform at high temperatures to a rela- 
tive soft structure, whereas C and D 
transform at lower temperatures (for the 
same cooling rate) to a harder structure. 
The low points in the hardness curves, 
Fig. 5, most likely indicate high-tempera- 
ture tempering and high points, low-tem- 
perature tempering. 

From the hardness curves of weld 


MAXIMUM 


UPPER YIELD STRESS 


LOWER YIELD STRESS 


/ 


metals C and D, it is observed that higher e wf | ; 
ead hardness values are found at the front OFFSET 
x face of C and at the back face of D. This 2 / 
eld results from a difference in welding pro- » 4 
cedure, the last pass being on the front f 
rele _ ace of C and at the back face of D. no wk es 
Standard V-notch Charpy impact speci- 
nts E mens were cut from each butt joint as a 
shown in Fig. 2. The notch was machined 30 
ve in these specimens along the weld metal 
center line perpendicular to plate faces 
hich ™ so that the notch included a number of | 
the passes over the thickness of each specimen. ' 
» Specimens of each of the four weld metals 
were tested at —60, —30, 0 and 80° F.; 
ran. «specimens of weld metals and T were 
iva. tested also at +40° F. Triplicate speci- 1 ‘ { | { rl 
3 mens were tested at each temperature ex- | 3 a —§ 6 7 
-. Me cept as follows: weld metals A, C and D 3 
vere tested in duplicate at +80° F. be- ELONGATION, IN. PER IN. 
veld Jy, cause the value for each of the pair was Fig, 7_Stress-Strain Curve of a 0.505-In. Diameter Tensile Specimen from a Typical 
red, fy ‘Seatially the same; weld metal A was Plate B (Derived from Autographic Load-Elongation Curve) 
nore Ma «tested in quadruplicate at —30° F., as 
loan. » was weld metal D at —60° F., because one 
A specimen had considerable porosity and 
soon one D specimen was tested in the wrong steel on its impact properties has been in- except at —60° F. where it had only a 
int, ©) position in the machine. vestigated by many and the accepted con- slightly lower impact value than weld 
tries Ba ~—sCAfter the impact tests were completed, sensus regarding the comparison of impact metal A but higher than either weld metal 
m the texture of the fracture was rated with properties is that comparisons are valid CorD. Weld metal A had a higher impact 
He, respect to the character of its crystalline only when specimens of the same hardness value than C or D at +80° F., but its 
3 appearance; a fibrous dull fracture is indic- are tested. As this investigation is con- impact strength drops markedly at 0° F. 
me ative of ductile failure, whereas a shiny cerned only with the as-welded properties and below, maintaining only a few foot- 
") specular fracture is indicative of brittle of the four weld metals, the impact pounds higher strength than D, Weld 
me failure. strengths are compared, even though the metal C had the lowest impact strength at 
55 The results of the impact test and the hardness differ. all test temperatures. 
Sy fracture rating are shown graphically in These data indicate that weld metal B is The impact data of Smith and Rine- 
m Figs. 6 (a) and 6 (b). superior to the other three weld metals, hart* and Mathias and Bunk‘ for two weld 
= The influence of hardness of a particular A, C and D, at all temperatures of test metals (0.14% C—-1.8% Mn-0.3% Mo and 
; Table 2—Results of Tensile Tests of Four Weld Metals Deposited with Lime-Ferritic Electrodes 
Elonga- 
a Tensile tion Reduction 
e Code Strength, Yield Strength, Psi- (% in of Area Fracture 
No. Type of Weld Metal Psi. Upper* Lower* 0.2% Offset* 2 in.) (%) Type 
ie Al 0.138% C-0.8% Mn 82,500 71,200 67,500 68,400 22.0 45.9 45° Sheart 
4 A2 0.138% C-0.8% Mn 80,700 66,900 64,400 65,600 19.0 34.8 45° Sheart 
Av. 81,600 69,050 65,950 67,000 20.5 
; Bl 0.14% C-1.1% Mn 86,400 74,600 69,100 69,900 27.5 71.6 ec; pet 
5 B2 0.14% C-1.1% Mn 89,100 76,680 72,600 73,900 29.5 71.0 1/3¢; pe 
Av. 87,750 75,640 70,850 71,900 28.5 
Cl 0.17% C-2.8% Mn 114,900 85,400 24.0 54.4 1/3; pe 
‘a C2 0.17% C-2.3% Mn 114,200 85,800 22.0 54.2 cc; pe 
; Av. 114,550 85,600 23.0 i 
D1 0.16% C-1.8% Mn- 
0.4% Mo 117,700 93,300 20.0 45.1 1/3; pe & 
D2 0.16% C-1.8% Mn- 
0.4% Mo 116,100 94,800 22.0 62.2 1/3; pe } 
* See Fig. 7 for illustration of these terms. 
+ Considerable porosity; low elongation and reduction of area may be attributed to this. 
tcc = complete cup; '/:c = half cup, etc.; pc = partial cone. 
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0.07% C-0.6% Mn, respectively) de- 
posited with lime-ferritic electrodes are 
also shown in Fig. 6 (a). The data indi- 
cate that the manganese-molybdenum 
weld metal E shows only a slight decrease 
in impact strength (40 ft.-Ilb. at —70° F. 
and 33 ft.-lb. at —50° F.) in the tempera- 
ture range —50to —70° F. These values 
listed for the as-welded manganese- 
molybdenum weld metal were higher than 
those found in the author’s experience 
with this electrode. This difference may 
be attributed to differences in welding 
procedure and consequently to differences 
in hardness and microstructure. The data 
of Mathias and Bunk, however, may be 
compared more directly because of the 
similarity of welding procedure with that 
of this investigation. Weld metal F 
(0.07 C-0.62 Mn) is markedly superior to 
the four investigated by this author. 

The fracture texture data of the four 
weld metals, A, B, C and D, does not cor- 
relate very well with the actual impact 
strength; however, for a particular weld 
metal, the fibrous texture decreases with 
decreasing test temperature. These data 
indicated that the transition temperature 
range is wider than the range of test tem- 
peratures. For example, a completely 
fibrous fracture would be observed only at 


Temperatures Transitions in Ductility | ! 


l. Introduction 


test temperatures above 80° F. and a com- 
pletely shiny or specular fracture (some- 
times referred to as crystalline) would be 
observed at temperatures below—60° F. 


VII. All-Weld-Metal Tensile Tests 


Duplicate 0.505-in. tensile test speci- 
mens were machined from the weld metal 
of each joint as shown in Fig. 2. These 
specimens were tested in a 120,000-lb. 
hydraulic Southwark testing machine 
which was equipped with a Tate-Emery 
autographic load-deflection recorder. Ten- 
sile and yield (upper,* lower* and 0.2% 
offset*) strengths, % elongation, % re- 
duction of area and fracture type are re- 
ported in Table 2. 

From these data, it appears that the 
mechanical properties revealed by the 
tensile test are influenced by the total alloy 
content; tensile and yield strengths in- 
crease with increasing alloy content. Un- 
doubtedly though, the difference in hard- 
ness of these weld metals is also reflected 
in the mechanical properties. The low 
elongation and reduction of area of weld 
metal A are*attributed to the excessive 
porosity in the duplicate specimens. 


* For illustration of these terms refer to Fig. 7. 
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tain features of that shift recur in other physical pheno- 
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HE words ‘temperature transition” refer here 
specifically to the shift in medium steel from be- 
havior in the ductile mode at higher temperature 


to that in the brittle mode at lower temperature. Cer- 
SIGNIFICANT 
LIMIT 
“A 
z or. 
DUCTILE 
a Aa ee e 
ee 
3 
> 
BRITTLE 
z 
w 


TEMPERATURE t 
Fig. 1—The Ductile-Brittle Transition 


Above the significant limit, variation of energy absorption is not 
great, either by scatter or by temperature variation. 
Below the limit scattered values are found, some of which may be 
very low. The trend is toward lower values at lower temperatures. 
trend is often shown by a transition curve drawn through the 
observed spots, without a for the low precision 
with which such a curve is ned. 


mena in which a choice between distinct regimes is pos- 
sible. Familiar examples are found in fluid dynamics 
(laminar and turbulent flow) and in structures under 
compression (buckling in various patterns). In all such 
cases it is important to know the limit, in this case the 
temperature limit, which separates two alternative modes 
of behavior. 

This limit is typically not a sharp boundary but a 
zone. Within this zone the choice between regimes will 
be uncertain. When it comes to experimental observa- 
tion, what is often called a transition line is the kind of a 
line drawn by a brush. The state of affairs is shown 
schematically in Fig. 1. a 

Two features of the transition zone must be distin- 
guished: its position and its width. As to the first, the 
transition in ductility may be centered about a higher or 
lower temperature. The effects of various circum 
stances, especially of notch geometry, are now being ex- 
tensively studied with respect to displacement of the 
transition along the temperature axis, that is, to change 
in position of the limit. 

In a great deal of experimental work such influences 
are studied without reference to their effect on the width 
of the zone. Neither position nor width is fully signifi- 
cant if the other is ignored. ; 

In particular, in the case of ductile and brittle action 
of structural steel, it is the upper limit of the zone which 
presents the hurdle which must be cleared. The sig- 
nificant temperature is the highest value below which 
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prittleness may occur, and above which the steel must be 
kept if ductile action is to be assured. 

This limit might be higher in a zone of lower position 
put greater width than in a narrower one further up on 


the temperature scale. 
9 

” It will be seen at once that this is a matter that must 
be studied on a statistical basis. In what follows, an 
exact procedure is proposed. It is based on the assump- 
tion that a temperature limit exists, and that the doubt 
arises in trying to find it. 

The intersection of the rising branch of the transition 
curve within the zone with the horizontal branch above 
the zone will be called the knuckle. The two branches 
are taken to be straight lines; secants or tangents if the 
jines themselves are considered to be curved. 


Such a contrast is shown in Fig. 


‘| (a) 


(b) 


t 
Fig. 2—Transition Zones of Contrasted Types 


The upper figure shows a wide zone with a low center, and the 
lower figure shows a narrow zone with a higher center. 

Although the transition point, as estimated by the mid-level inter- 
cept, is lower in Fig. 2 (a) than in Fig. 2 (b), the significant limit in 
Fig. 2 (b) is lower than in Fig. 2 (a). 


In order to locate this knuckle, enough data are neces- 
sary to define each of the two branches. For the branch 


© «above the knuckle, values at any convenient tempera- 
») ture are suitable, since variation with temperature at 


the upper level is small. But for the sloping branch 
within the zone, it is important to have data at tempera- 
tures not too far below the knuckle. 

In following the proposed procedure, each of the two 
branches is separately determined as a mean line with a 
dispersion band. The intersection of the two bands gives 
an oblique parallelogram, as shown on Fig. 3. The 
knuckle, at the intersection of the mean lines, gives a 


© mean position of the limit; the first object of the analysis 


is to locate the knuckle in a way that does not depend 
on individual judgment. A detailed method will be de- 
“tibed such that two persons, possibly of divergent 
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EXTREME 
LIMIT 
WAS 
KNUCKLE 


t 
Fig. 3—Mean Lines and Dispersion Bands 


The knuckle lies at the intersection of the mean lines, which are 
exactly defined by any | set of data. 

Each dispersion band has a width equal to the standard deviation 
on each side of its mean line. 


opinions, must arrive at the same result from a given set 
of observational data. 

But an additional objective is to take account of the 
precision with which the data permit the knuckle to be 
located. For the knuckle is only the center of a fringe of 
graduated probabilities. 

The mean lines and their dispersion bands are found by 
a standard application of the method of least squares. 
The width of the bands as drawn depends on choice of a 
standard for the range of dispersion to be delineated; for 
this purpose the quantity known as the standard devia- 
tion is chosen. 

It cannot be said that a structure is completely 
secure from brittleness at all temperatures above the 
knuckle. Yet as service temperature exceeds that of 
the knuckle by a wider margin, security against brittle- 
ness is increased. The diagram in Fig. 3 gives the essen- 
tial information as to how rapidly this security increases 
with the margin. 

If a wide margin can be had at no cost, it will be un- 
necessary to know the relation between the risk of brittle- 
ness and the margin between the service temperature 
and the knuckle. Otherwise the balance to be achieved 
lies between the cost of steel of lowered transition tem- 
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Fig. 5—The Rising Branch 


perature and the value of reduced risk of casualty. This 
balance can certainly not be reached, and in fact it can 
hardly be considered as an objective, without a frame- 
work of clear concepts on which, as time goes on, to hang 
the results of our elaborate and costly measurements. 
The proposed procedure will be described with specific 
reference to some data taken by G. G. Luther and asso- 
ciates,t exhibited herewith in Fig. 4. A transition curve, 
presumably drawn by eye, is dotted in from Fig. 5 of the 
reference. 
~ ¢ “Auxiliary Tests on the Steels of I-beams Tested in Flexural Impact at 


Columbia University,” by Luther, Ellis and Hartbower; in the July 1947, 
issue of the Welding Research Supplement. 


The proposed analysis is presented in full for this one 
set of data. Results obtained by the same method from 
other data from the same source are also given, with 
comment both on method and on results. 


2. Procedure 

The original data consist of a set of 21 pairs of values 
of temperature of test, and of energy absorbed in 4 
Charpy impact specimen. All of these are shown in Fig. 
4. However the 5 spots below 0° F. are so distant from 
the knuckle that for the present purpose they are dis. 
regarded. 

The remaining 16 spots are divided into two groups: 
those considered to belong to the upper branch are the 
at 80° F. and above. The sloping branch is defined by 
the 10 remaining spots, plus that at 80° F. This choice 
might be varied a little, as by excluding the spot at 80° F. 
from the 11, so as to make 10 for the sloping branch. 
The result is not very sensitive to such changes if the 
number of spots is greatenough. The point will be given 
more comment later. 

For each of the separate branches a mean line is fitted 
by the method of least squares.+ This involves the 
evaluation of the four quantities: 2(X), 2(Y), =(XY), 


2(X*). The mean line of the sloping branch has the 
equation 
Y=a,+ 
where 
i — 2(X)/N - 


— 2(X)/N - 
a, = 2(Y)/N — b,2(X)/N 
N being the number of pairs of values. 


The 4 quantities are tabulated in columns 1, 2, 3 and 4 
of Table 1, the totals cast up, and the values of 5 and a 
entered in a form which has been adopted for a work 
sheet. The subscript 1 is used for the sloping branch. 

By a wholly similar process the values of } and a for 
the upper branch could be found; for these the subscript 
2 is used. However as a simple short-cut the slope of 
the upper branch, bd», is taken to be zero. 


t An Outline of Statistical Methods, by Arkin and Colton, p. 52. See also 
Numerical Mathematical Analysis, by Scarborough: p. 363. 


Table 1—Beam No. 5, Rising Branch 
Work Sheet for Finding Slope } and Intercept a of a Mean Line Fitted to Data Relating Y = Charpy 


Energy (u) with X = 


Temperature (¢° F.) 


1 2 3 4 5 6 7 ; 
Xx Y XY x? a+ be (5) — (2) Square of (6) 
80 114 9,120 6,400 127 13 169 
68 96 6,528 4,624 112 16 256 
50 119 5,950 2,500 92 27 729 
50 97 4,850 2,500 92 5 25 
45 125 5,625 2,025 86 39 1,521 
40 106 4,240 1,600 80 26 676 
40 39 1,560 1,600 80 41 1,681 
32 28 896 1,024 71 43 1,849 
20 110 2,200 400 57 53 2,809 
14 35 490 196 50 36 1,296 

0 14 0 0 34 20 400 
11) 439 | 883 41,459 22,869 | 11,411 
39.91 80.27 35,235 17,510 1,037 
6,224 5,359 = 1,037 
= 322 
6224 
b = = 1.161 


a = 80.27 — 39.91b = 33.8 


Y = 34+ 1.16¢ + 32 


WELDING RESEARCH SUPPLEMENT 
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The Charpy energy, u, is identified with Y and the 
fahrenheit temperature, /, with X. This choice will 
iso receive further comment. 

The temperature f at the knuckle is 


bi — be 


The ordinate of the knuckle, uw, can be found from the 
equation for either branch, and the center of the parallelo- 
gram is thus located. 

* To find the size of the parallelogram the dispersion of 
the u-values (X in Table 1) is found by taking the devia- 


ty = 


» tion of each spot from the mean line at the same tem- 


The root mean square of these deviations is 
The values for the two branches 


rature. 
the standard deviation. 
are designated o; and o>. 

Then the temperature coordinate of the extreme corner 
of the parallelogram is nearly 


him = fo + (1 + 


The three columns necessary for finding o have been 


| added to Table 1 at Nos. 5,6 and 7. A little time could 


be saved by using mean error instead of standard devia- 
tion. 

The 11 spots associated with the rising branch are 
shown in Fig. 5, with the mean line and zone of dispersion 
obtained by the method described. 


3. Comment on Procedure 


Two results are shown in Fig. 4, one curve drawn in 
by eye and the other a limit found by a definite numerical 
procedure. The difference between the two lies mainly 
in the consideration given the three spots (20, 110), 
50, 97) and (68, 96). Call these spots a, 6 and c. 

The line drawn by eye makes a nearly vertical jump 
from the center of a group of 3 about (35, 35) toward the 
center of another group of 3 about (40, 110). This ig- 
nores spots b and ¢, or rather it puts them down as strays 
from the upper level. If spots 6 and c had been con- 
sidered to go with the rising branch, the curve would have 
been drawn with a less abrupt rise, more nearly like the 
straight line fitted in Fig. 5. 

That line may be thought to have too small a slope. 
It will be seen, however, that turning it into a more 
nearly vertical position would increase the contribution 
of the spot a to the sum of the deviations. This is al- 
ready the wildest spot, and the least-square procedure 
has given it its due consideration. The only way by 
which a line like that put in by eye could be obtained by 
the least-squares procedure would be by omitting some 
of the spots from the tabulation. 

The presence of spot a, the high one at 20° F., is in 
accord with the idea that the spots tend to avoid inter- 
mediate levels. The limits of the scatter zone have 
been placed by Noah Kahn at the highest temperature 
at which a u-value less than half the upper level occurs, 
and at the lowest at which one more than half value turns 
up. Applied to the present data, this would limit the 
one to the increment from 20 to 40°. This criterion 
works especially well when the transition is judged in 
terms of the appearance of the fracture, although that 
ignores the rather frequent case in which large energy 
absorption is followed by cleavage fracture. 

The proposed procedure in the present case would 
agree with that of Mr. Kahn if the mid-height intercept 
were accepted as the significant limit; in addition it has 
the merit of warning against undue optimism. 

It has been said that energy absorption in a small 
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specimen has no necessary relation with that in the struc- 
ture, whence it is inferred that visual inspection of the 
fracture is an easier and perhaps a safer guide to metal 
quality than the energy values. Such a view is in accord 
with a criterion used by Mr. Luther and associates, 
namely, ‘‘the first evidence of brittleness in the fracture.” 
This may well be true of the Charpy specimen, in which 
the manner of loading diverges widely from that in serv- 
ice structures. It is well agreed that the Charpy test 
is not competent, at most, to give anything but relative 
values of transition temperature. 

But an essential feature of the present proposal is the 
thought that energy absorption is not merely an incidental 
convenience for reducing test data to numerical terms, 
but that it has a definite significance for the service struc- 
ture; one of the main functions of the small-scale test is 
to provide information as to whether the service struc- 
ture will perform satisfactorily with respect to its capa- 
city for absorbing energy. 

It is therefore important that the geometry and man- 
ner of loading of the small specimen should not depart 
too widely from those same conditions in the service 
structure. For this reason the static tensile test of an 
internally notched flat plate is preferred. Once the effect 
of width in such specimens is accurately known, the 
necessary information about behavior of a service struc- 
ture can be had from tests on full thickness plates of 
small width, say 3 in., such as can be pulled in a machine 
of 60,000 Ib. capacity. 

Even in such specimens, however, the problem of what 
to do in interpreting scattered data is still present. The 
proposed procedure gives equal, or if desired, weighted 
emphasis to each separate observation, states the result 
in terms applicable to the service structure, and marks 
a temperature limit which has much more than relative 
meaning. 

Consider, for example, the height of the upper energy 
level. Although the temperature of the transition is the 
main point, yet, of two samples equal in that respect, the 
preference would always go to the one with the higher 
upper level. If the nature of the specimen is such that 
height of upper level has no meaning, then a better speci- 
men is needed. 

The present case offers an example of a curious diffi- 
culty which has been discussed by Churchill Eisenhart.* 
He points out that the process of curve-fitting by least 
squares comes out differently depending on which of the 
two related quantities is regarded as the independent 
variable. This may easily be verified in the present in- 
stance. When ¢ is identified with X and u with Y, the 
mean line of the sloping branch has the equation 


u = 34 + 1.16 
but if ¢ were identified with Y and u with X it would be 
u = 12 + 1.72 


Eisenhart also supplies a criterion for deciding which 
to choose. It depends on which of the two variables is 
adjusted to a set value and so, from the curve-fitting 
point of view, is not subject toerror. In the present case 
this clearly is the temperature; the scatter lies in the 
energy values. 

Thus it is ¢ that must be identified with XY, the in- 
dependent variable in the curve-fitting process. That 
has been done in Table 1, and the quantity minimized 
in the calculation is the sum of the squares of differences 
between observed and estimated values of energy, not 
temperature. 


It may appear as though the opposite procedure would 


*“The Interpretation of Certain Regression Methods and Their Use in 
Biological and Industrial Research,’’ by C. Eisenhart. Revised from an exposi- 
tory paper presented, under different title, to the American Statistical As- 
sociation, at Detroit, Dec. 29, 1938. 
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give a mean line nearer the truth, since it comes nearer 
to the curve fitted by eye. Such a conclusion, however, 
isincorrect. The curve fitted by eye, as has been shown, 
is found by preferring some spots and ignoring others, 
since it can be paralleled by calculation only if certain 
spots are omitted. 


4. Application to Specific Data 


Luther and associates have utilized their transition 
curves drawn by eye in drawing inferences about the ma- 
terial in a series of 16-in. I-beams which had been loaded 
to failure in flexural impact. 

The first comparison involved two beams, Nos. 5 and 
7. The curves drawn by eye and by the least-squares 
procedure both showed No. 7 to have the lower transition 
limit, while the special nick-break test gave the contrary 
result in two cases, both at much lower temperature 
values. The data are summarized in Table 2. 


Table 2—Transition Temperature, Different Tests 


Temp., ° F. 
Type of Test No. 5 No. 7 

Curve drawn by eye, intercept at mid- 

level of energy 30 22 
Least-Squares: 

Knuckle 69 51 

Extreme limit 103 68 
Special nick-break, by type of load- 

elongation curve. Plain specimen —4to —32 13 to 2 


A second comparison involved Beams Nos. 4 and 8, 
unwelded and welded. The scatter of the data is well 
shown in Fig. 6 of the reference; even if curves drawn by 
eye were accepted as correctly representing the transition, 
they take no account of the breadth of the zone or the 
_ degree of uncertainty of the result. A summary of the 
results from the different procedures of analysis is given 
in Table 3. 


Table 3—Beams 4 and 8, Unwelded and Welded Transitio 
Temperature 
Unwelded Welded 
Type of Analysis No.4 No.8 No.4 Nog 
Curve drawn by eye, intercept 
at mid-level of energy 68 60 40 
First evidence of brittleness in 
fracture 80 60 80 80) 
Least-Squares: 
Knuckle 97 77 131 %6 
Extreme limit 107 85 163 113 


To form an estimate of the time consumed in working : 


out the least-squares procedure, the calculations in one 


of these cases were timed. To locate the knuckle and im 


extreme limit for Beam No. 8, unwelded and welded, took I 


a little under 40 min. 


A final example of the usefulness of the least-square IN 
procedure is drawn from the data for Beam No. 4 in the Me 
welded condition: The knuckle limit of temperature was 9 
found for each of nine progressive choices from among the § 


data given in Table 2of the reference. This might corre- 
spond to a series of values of the temperature limit found 
after successive single observations as made. 


desired result. 

Table 4 exhibits the numbers obtained in this way, to- 
gether with the standard deviations for the end value of 
the knuckle limit. 


found by adding the standard deviations, reduced to 
terms of temperature, to the temperature of the knuckle. 


It illus- 
trates the rate at which the series converged toward the § 


The extreme value of the significant § 
limit, the right upper corner of the parallelogram, is 9 


This table. shows how to proceed in deciding what | 


temperature to use on the next test, and especially | 


when to stop a series. It gives the value of transition 
temperature obtained by the series ending with each ob- 
servation. 


Test No. 6 diverges from the earlier ones 3 


so much that it upsets the earlier results. But No.7 E, 


brings the knuckle back to a reasonable position, and 


No. 8 confirms it. If economy was important, the 


Table 4—Transition Temperature; Convergence by Successive Observations 


Observed Data 

Serial t 

1 120 137 os 

2 100 124 a 
3 80 82 2.10 
4 60 74 1.40 
5 100 129 1.40 
6 40 104 0.43 
40 52 0.80 
60 75 0.81 
9 120 125 0.81 
10 80 69 0.73 
11 20 51 0.74 


Extreme temperature limit of brittle behavior: 


series might have been stopped there. 
Knuckle 
a bs a2 Limit, ° F 
— 86 0.65 59 100 
—16 0.65 59 100 
—16 0.52 75 103 
70 0.52 75 - 
39 0.52 75 129 
36 0.52 75 134 
36 0.22 104 115 
37 0.22 104 131 
36 0.22 104 131 
+5 +19 = 32 


131 + 32 = 163° F. 
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